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FACTORS AFFECTING SOIL DAMPING 
SUMMARY 
The behaviour of soil under cyclic loading like earthquake is very important and 
must be analyzed to solve problems. To comprehend the behaviour of soil, the 
dynamic soil parameters must be known. Two important dynamic soil parameters are 
damping and shear modulus which are related to shear strain. When the soil is 
subjected to cyclic loading, some of the energy is absorbed by soil which is called 
soil damping. So how bigger the energy absorbtion is, the soil damping is also big. In 
this thesis, especially damping had been examined. 
Dynamic soil parameters can be evaluated from laboratory and field tests. Laboratory 
test results are more accurate because soil can be examined under different loadings 
and conditions. The key factor of choosing the test method is deformation levels. 
Laboratory tests are preferred for high deformation levels while the field tests are 
preferred for low deformation levels. Most performed laboratory tests are resonant 
column test, cyclic simple shear test and triaxial shear test. As a result of these tests, 
soil damping can be calculated from the stress-strain curves which are called 
hysteresis loops. Each loop is the amount of energy absorbtion by soil. Other than 
this, damping can be calculated by the developed formulas. 
There are accepted curves for soil damping which are commonly used to compare the 
results of other investigations. Seed and Idriss (1970) curves are used for gravelly 
sands and sand, Vucetic and Dobry (1991) curves are used for plastic soils.  
Soil damping is affected by the factors which are mentioned in this thesis; density, 
number of cycles, plasticity index, overconsolidation ratio, consolidation stress, 
compaction stress, saturation, mean grain size and uniformity coefficient. In chapter 
3.3, these factors are examined comprehensively. 
In recent years, the increment of traffic causes increment of waste tires. These waste 
tires are usually mixed with soil or asphalt to used in engineered fills, paving projects 
and other earthworks. Tire rubber has a high damping capacity thanks to its high 
elasticity and good fatique properties. Also it has a lightweight. On the other hand, 
fibers are used as a reinforcement in contruction materials for improvement of soil 
properties since prehistoric times.  
Earthquake is an important fact for humanity. It is possible to decrease the affect of 
earthquake or other cyclic loadings with improving the dynamic soil properties. In 
this thesis, factors affecting soil damping are examined through literature. As a 
possible increasing factor on soil damping, soil mixed with granulated rubber and 
fiber are analyzed. For rubber effect Nakhaei et al. (2012) and Senetakis et al. (2012) 
curves were interpreted. Data from Torabi (2011) was used to determine damping 
values of fiber-sand mixtures and results were interpreted. 
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ZEMİNLERİN SÖNÜMÜNÜ ETKİLEYEN FAKTÖRLER 
ÖZET 
Deprem gibi tekrarlı yükler altında zeminin davranışı, problemlerin 
çözümlenebilmesi için çok önemlidir. Bu davranışı anlayabilmek için dinamik zemin 
özelliklerinin bilinmesi önem taşımaktadır. Dinamik zemin özelliklerinden en 
önemlileri sönüm ve kayma modulüdür. Bu iki özellik gerilme-şekil değiştirme 
karakteristiğine bağlı olarak incelenmektedir. Sönüm, malzemenin (zeminin) 
dinamik yükler altında enerji yutması demektir. Dolayısıyla sönümün büyük olması 
enerji yutumunun da fazla olduğunu göstermektedir. Bu özellik de deprem yüklerinin 
hasar etkisinin aza indirilmesinde büyük önem taşımaktadır. Bu tezde sönüm ve 
sönümü etkileyen faktörler ayrıntılı olarak  incelenmiş ve sönümü arttırıcı malzeme 
olarak lastik ve fiber karıştırılmış zeminlerin davranışları incelenmiştir.  
Dinamik zemin özellikleri laboratuar ve arazi deneyleri ile hesaplanabilmektedir. 
Labaratuar deneyleri zemin koşullarını gerçeğe daha yakın bir şekilde 
yansıtabilmektedir. Küçük deformasyon seviyeleri için arazi deneyleri tercih 
edilirken büyük deformasyon seviyeleri için laboratuar deneyleri tercih edilmektedir. 
En çok tercih edilen laboratuar deneyleri rezonant kolon testi, üç eksenli basınç 
deneyi ve basit kesme deneyidir. Laboratuar deneyleri sonucunda sönüm gerilme 
şekil değiştirme grafiği üzerinden hesaplanabilmektedir. Bu grafikte gerilme-şekil 
değiştirme davranışı histerez ilmekleri şeklinde olmaktadır. Her bir çevrimde 
sönümlenen enerji miktarı sönümleme oranı olarak tanımlanmaktadır. Ayrıca sönüm, 
yapılmış deneysel çalışmalar sonucunda geliştirilen formüller ile de 
hesaplanabilmektedir. Ray ve Woods (1988) Ramberg-Osgood modelini kullanırken, 
Zhang ve Aggour (1996) farklı yükleme çeşitleri için formüller geliştirmiştir. Bu 
tezde incelenmiş tüm geliştirilmiş formüller Çizelge 3.5’te özetlenmiştir.  
Farklı zemin türleri için herkes tarafından kabul görmüş sönüm eğrileri 
bulunmaktadır. Bunlar özellikle çakıllı kum ve kumlar için Seed ve Idriss (1970), 
plastik zeminler için ise Vucetic ve Dobry (1991) tarafından çizilen eğrilerdir. Bu 
eğriler başka araştırmalarda ve yapılan deneylerde karşılaştırma eğrileri olarak sıkça 
karşımıza çıkmaktadır. 
Sönüm bir çok faktörden etkilenmektedir. Bu tezde ele alınan başlıca faktörler; 
rölatif sıkılık, çevrim sayısı, plastisite, aşırı konsolidasyon oranı, konsolidasyon 
basıncı, yükleme tipi, test metodu, kompaksiyon basıncı, doygunluk ve ortalama tane 
çapıdır. Genel olarak sönüm rölatif sıkılık ve doygunluktan pozitif olarak 
etkilenirken diğer farktörlerden negatif etkilenmektedir. Kompaksiyon basıncı ve 
ortalama tane çapından ise etkilenmemektedir. 
Son yıllarda trafikteki artış ile atık lastik sayısı da artmıştır. Geri dönüşüm olarak 
kullanılan bu lastikler dolgu malzemesi olarak, asfalt ile karıştırılıp yol kaplaması 
olarak ve diğer çeşitli mühendislik yapılarında kullanılmaktadır. Lastik elastisitesi 
yüksek ve dayanıklı bir malzeme olduğu için sönüm kapasitesi yüksektir. Ayrıca 
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hafif bir malzemedir. Zemine karıştırılarak sönüm arttırıcı özelliği ile ilgili 
araştırmalar yapılmıştır.  
Zheng Yi ve Sutter (2000)’ın Ottowa kumu üzerinde yaptığı deneylere göre yüksek 
lastik içerikli numunelerde basınç arttıkça sönümde de artış görülmüştür. Bu davranış 
normal zemin davranışına terstir. Ayrıca lastik yüzdesi arttıkça sönümün de arttığı 
gözlemlenmiştir. Nakhaei ve diğerleri (2012)’nin daneli lastik ile karıştırılmış daneli 
zemin üzerinde yaptığı deneylere göre basınç 50 ve 100 kPa iken sönüm lastik 
yüzdesinin artışı ile düşmektedir. Bu davranış şu şekilde açıklanabilir: Düşük 
basınçlarda lastik yüzdesi arttıkça elastic deformasyonun artmasına sebep olmakta ve 
bunun sonucunda sönüm azalmaktadır. Basınç 200 ve 300 kPa olduğunda ise sönüm 
lastik yüzdesi arttıkça artmaktadır. Büyük basınçlar altında sıkışmış olan lastiğin 
esneksizliğinden dolayı rölatif deformasyon artmakta bu da plastik deformasyonu ve 
sönümü arttırmaktadır. Aynı zamanda lastiksiz  zeminde sönüm basınç arrtıkça 
azalmaktadır ama normal davranışın aksine lastik karıştırılmış zeminlerde sönüm 
basınç arttıkça artmaktadır. Deviatör gerilme uygulandığında zemin danelerinin 
birbiri üzerinde kayışı arttığı için hem plastik deformasyonun hem de sönümün 
artışını sağlamaktadır. 
Lastikli zeminin davranışını daha iyi anlayabilmek adına Nakhaei ve diğerleri(2012) 
tarafından çizilmiş olan eğrilerden belli bir deformasyon seviyesi seçilerek sönümün 
basınç ve lastik oranı ile değişimi incelenmiştir. Sadece lastiksiz zeminin sönümü 
basınç arttıkça azalmıştır. Basınç yaklaşık 150 kPa iken grafikteki eğriler için bir 
dönüm noktası oluşmuştur. Sönümün lastik ile değişimi incelendiğinde ise lastiksiz 
zeminde sönümün basınç arttıkça düştüğü gözlenlenmiş fakat bu davranış lastik oranı 
yaklaşık  3% oranına geldiğinde bir dönüm noktası oluşturarak tersine dönmüştür.  
Artık lastiklerin yanısıra fiber de tarih öncesi dönemlerden beri güçlendirici yapı 
malzemesi olarak kullanılmaktadır. Fiber zeminin özelliklerini arttırıcı özellik 
taşımaktadır. Fiber ile ilgili çalışmalar sonucunda zeminin kayma direncini arttırdığı 
gözlemlenmiştir. Fiberin sönüm oranına etkisi ile ilgili çalışmalar ise çok kısıtlıdır.  
Amir-Faryar ve Aggour (2016) iki farklı çeşit fiberi killi zemin ile karıştırarak deney 
yapmışlardır. Deneyler sonucunda maksimum kayma modülü fiber oranı ile artmıştır 
ancvak en yüksek değere 0.2% fiber ile ulaşmıştır. Ayrıca fibril yapılı olanın 
maksimum kayma modülü monofilament olan fibere göre daha yüksektir. Sönüm de 
fiber oranı arttıkça artmıştır. Fakat bu araştırma küçük deformasyon seviyelerinde 
yapılmıştır. 
Mojtaba Torabi’nin 2011’de yazmış olduğu tezindeki deney verileri kullanılarak 100 
kPa basınç uygulanan, rölatif sıkılığı 60% olan 0%, 0.1%, 0.5% ve 1% fiber 
karıştırılmış Akpınar kumunun sönümleri histerez ilmekleri yöntemi ile hesaplanmış 
ve sönümün deformasyon ile değişim eğrileri çizilmiştir. Sönüm temiz ve fiberli 
zeminler için önce artmış daha sonra azalmıştır. Gerilme şekil değiştirme grafiğinde 
histerez ilmekleri sönümün arttığı ve düştüğü çevrimler için incelendiğinde loop 
alanlarının büyüdüğü görülmüştür. Bu davranış boşluk suyu basıncının fazla artışı  
sonucunda numune etrafına sarılı membranın devreye girmesi sonucunda ortaya 
çıkması şeklinde açıklanabilir. Belli bir deformasyon seviyesi seçilerek fiberin 
sönüme olan etkisi incelenmiştir. Beklenenin aksine sönüm fiber oranı arttıkça 
azalmaktadır. Bu davranış da uygulanan basıncın yetersiz olması ile açıklanabilir. 
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Mojtaba Torabi’nin tezinden elde edilen sonuçlar Nakhaei ve diğerleri’nin (2012) 
lastik karıştırılmış zemin davranışı ile karşılaştırılmıştır. Farklı deformasyon 
seviyeleri olsa da 100 kPa için sönümün düştüğü iki araştırma için de geçerlidir. 
Ayrıca Senetakis ve diğerlerinin (2012) belli deformasyon seviyesi seçilerek çizilmiş 
sönümün lastikle değişimi eğrileri sonucunda da 100 kPa’da sönüm karıştırılmış 
malzeme lastik ya da fiber olsa da düşmektedir.    
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1.INTRODUCTION 
The solution of the problems caused by cyclic loadings like earthquake, traffic 
vibrations etc., need the understanding of dynamic soil properties. Most important 
dynamic soil properties are soil damping and shear modulus. Evaluation of these 
parameters can be obtained by laboratory and field tests. Field tests are preferred 
mostly for low deformation levels while the laboratory tests are preferred for high 
deformation levels.  
Soil damping can be calculated mostly with the general formula which is generated 
from the hysteretic stress-strain relationship loops. And also many researchers had 
developed different formulation for different conditions. For example, while Zang 
and Aggour (1996) developed equations for sinusoidal, random and impulse loading, 
Ray and Woods (1988) developed equation with using Ramberg-Osgood model. In 
chapter 3.1, these studied are comprehensively overviewed. 
Seed and Idriss (1970) curves for gravelly soils and sands and Vucetic and Dobry 
(1991) curves for plastic soils are accepted as general curves for soil damping which 
are used mostly to compare of the results of studies. 
Soil damping is affected by many factors which are examined in chapter 3.3:  
density, number of cycles, plasticity index, overconsolidation ratio, consolidation 
stress, compaction stress, saturation, mean grain size and uniformity coefficient.  
In recent years, the number of waste tires increased due to the increment of traffic. 
These waste tires are usually mixed with soil or asphalt and used in geotechnical 
engineering such as lightweight fills, backfill materials, highway embankments, soil-
retaining walls, paving projects etc.. Tire rubber is a light material, has high elasticity 
and good fatique properties so it has high damping capacity. On the other hand, 
fibers was using as a reinforcement in contruction materials for improvement of soil 
properties since prehistoric times.  
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In this thesis, factors affecting damping are examined through literature and As a 
possible increasing factor on soil damping, soil mixed with granulated rubber and 
fiber are analyzed. For rubber effect Nakhaei et al. (2012) and Senetakis et al. (2012) 
curves were interpreted. Data from Torabi (2011) was used to determine damping 
values of fiber-sand mixtures and results were interpreted.  
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2. DYNAMIC SOIL PROPERTIES 
The response of soils to cyclic loading is very important to comprehend the nature of 
eartquake damage. Large part of this response is controlled by the mechanical 
properties of the soil. Important problems which are dominated by wave propagation  
effect induce low levels of strain in the soil and other important problems which 
involve the stability of masses induce large strains in the soil. The soil behaviour 
under cyclic loadings is governed by dynamic soil properties. (Kramer, 1996)  
2.1 Soil Damping and Shear Modulus 
Dynamic response analysis are very important to understand the soil behaviour under 
cyclic loadings such as earthquakes, machine foundations, waves, winds etc. 
Damping ratio (D) and the shear modulus (G) are the key parameters of dynamic 
response analysis because they are both dependent on the cyclic shear strain (γ). 
Cyclically loaded soil behaviour is related to soil stress-strain behaviour  which is 
represented by Hysteresis loops. (Figure 2.1) 
 
Figure 2.1: Hysteresis stress-strain relationships at different strain amplitudes 
(Rollins et al., 1998) 
Damping is the energy dissipation or energy absorption of  dynamically loaded 
material. For soils, it can be explained as a energy absorption in one loading cycle 
and this relation is defined as a damping ratio. Damping ratio (D) can be computed 
from the hysteresis loops as shown in Figure 2.1. 
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                                                      𝐷 = 𝑊𝐷
4𝜋𝑊𝑆
= 1
2𝜋
× 𝐴𝑙𝑜𝑜𝑝
𝐺𝛾2
                                      (2.1) 
where WD is a measure of dissipated energy, WS is the elastic strain energy or the 
area of the shaded triangle and Aloop is the area enclosed by the hysteresis loop. 
The slope of the secant line connecting the higher tips on the hysteresis loop is 
defined as shear modulus. 
                                                           𝐺 = 𝜏/𝛾                                                        (2.2) 
The shear modulus is at its maximum value (Gmax) when the shear strain levels are 
very low (less than 10-4%). Gmax is the inclanation of the curve. (Fig 2.1) Best way to 
determining Gmax is to measure shear wave velocity Vs with seismic geophysical in 
situ tests and then computing with the equation  
                                                        𝐺𝑚𝑎𝑥 =  𝜌 × 𝑉𝑠2                                              (2.3) 
where ρ is the mass density.(Rollins et al., 1998) On the other hand, Hardin and 
Richart (1963) defined Gmax as a function of void ratio and confining pressure, which 
is also related to these properties and soil type. 
                                                     𝐺𝑚𝑎𝑥 = 𝐴 × 𝐹(𝑒) × (𝜎′𝑚)𝑛                              (2.4) 
where A is an emperical coefficient which represents of the influence of soil type, 
F(e) is the void ratio function and σ'm is the mean confining pressure with the power 
of n. Kokusho (1987) arranged the summary of these emperical equations. (Table 
2.1) 
Table 2.1: Constants in proposed emperical equations on small strain modulus 
(Kokusho, 1987) (Ishihara, 1996) 
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The relation between the shear modulus G and the cyclic shear strain γc is typically 
expressed as a curve of G/Gmax which is defined as modulus reduction. The basic 
relations of damping ratio and modulus reduction with cyclic shear strain is shown in 
Figure 2.2. 
 
Figure 2.2: Variation of cyclic parameters with cyclic shear strain (Vucetic and 
Dobry, 1991) 
As shown in Figure 2.2, as the shear strain increases, the damping ratio increases 
while the modulus reduction decreases. 
2.2 Measurement of Dynamic Soil Properties 
Laboratory tests and field tests are available for measurement of dynamic soil 
properties. Each test method has its own advantages and limitations depending on the 
problems. Some of the methods are oriented toward measurement of low strain 
properties and some of them toward  of  high strain properties. The selection of test 
method must be considered carefully for specific problems. (Kramer, 1996) The 
deformation and stress levels reached in soil are the most important differences 
between the different dynamic laboratory tests. 
2.2.1 Field tests 
Field tests are commonly used for estimation small strain dynamic soil properties. 
Field tests do not require sampling so soil can not be disturbed and can not change its 
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stress, chemical, thermal and structural conditions. But field tests do not allow to test 
the soil under different conditions also they do not allow for the controlled pore 
water drainage. On the other hand, the specific soil property of interest do not be 
measured directly but can be calculated with emperical relations or theoretical 
analysis related to shear wave velocity (Vs). Also soil profile type can be classified 
by determination of shear wave velocity. 
2.2.1.1 Reflection method 
A body wave is deflected when it comes across an interface of two media with 
different stiffness in according to Snell's law. If the incident angle (ψ1) is smaller 
than the critical angle (ψc), the wave is refracted and propagates and if the refraction 
angle (ψ2) is larger than angle of incidence, it have to be assumed that the wave 
travels faster in the second medium (V2>V1), as illustrated in Figure 2.3. But if the 
incident wave has larger angle than the critical angle, the wave is reflected into the 
first medium with same angle (ψR), as illustrated in Figure 2.4.  
 
Figure 2.3: Refraction of a wave propagation across an interface (Ishihara, 1996) 
 
Figure 2.4: Critical angle of incidence ψc differentiating between reflection and 
refraction (Ishihara, 1996) 
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P-wave (longitudinal or compressional wave) is the fastest and it arrives first so it 
can be easily observed and identified at a point of monitoring on the ground surface. 
Figure 2.5 shows the illustration of the survey. (Ishihara, 1996) 
 
 
Figure 2.5: Propagation paths for reflected and refracted waves (Richart et al, 1970) 
(Ishihara, 1996) 
If td is an arrival time of the P-wave through a direct path from the source A to a 
point such as B', C' or D', the velocity of propagation can be calculated by; 
                                                                𝑉1 = 𝑥𝑡𝑑                                                     (2.5) 
2.2.1.2 Refraction method 
To map out the soil profiles for wide areas, refraction method is the simpliest. In this 
method, there is a source such as impact or explosive energy and a receiver which 
capture the propagation at a distant point from the source. In Figure 2.6, the basic 
concept is illustrated. 
 
Figure 2.6: Travel path for a refracted wave (Ishihara, 1996) 
7 
 
The velocity of wave propagation through the surface layer is V1 and through the 
underlaying layer is V2. H is the thickness of surface layer. When an excitation is 
given at point A, most important waves are one travelling through surface (direct 
wave) and the other going down to point B, travelling along the interface and 
arriving at point C' (refracted wave). As illustrated in Figure 2.3, the angle of 
incident and refracted wave are denoted ψ1 and ψ2, respectively. According to Snell's 
law, the ratio between the wave propagation velocity which is related with the angles 
as; 
                                                                   sin𝜓1
sin𝜓2
= 𝑉1
𝑉2
                                             (2.6) 
For Figure 2.6, the refracted wave angle along the interface is given as ψ2=90°. So 
the vertical angle of incidence is given by, 
                                                                   sin𝜓𝑐 = 𝑉1𝑉2                                            (2.7) 
since sin90°=1. (Ishihara, 1996) 
2.2.1.3 Cross-hole method 
Crosshole test configuration consists two or three boreholes. One of them is for 
source which generates shear wave or compressed wave and the other ones are for 
receivers which detect the waves propagation in the horizontal direction. Both source 
and receivers are placed at the same depth. (Figure 2.7) 
 
Figure 2.7: Velocity logging by crosshole method (Ishihara, 1996) 
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When the source is generated, geophones are sensing the vertical velocity and the 
signals from the geophones are monitored and stored  in the oscilloscope. Shear 
wave velocity can be computed by the difference in travel time between two adjacent 
geophones. (Ishihara, 1996) 
2.2.1.4 Up-hole and down-hole method 
In the uphole method, source (generally explosives are fired) is generated in the 
borehole and its arrival is monitored on the surface by several receivers for both 
shear wave (S-wave) and longitudinal wave (P-wave). The propagation of P-wave is 
sufficiently faster than S-wave so in soil deposits with low to medium stiffness, P-
wave can be distinguished from S-wave. But in the stiff soils or rocks, the difference 
can not be discerned. 
In the downhole method, source is located on the ground surface and a receiver is 
fixed is against the walls of the borehole. On the surface, there is a clamped wooden 
plate which is hit manually by a hammer as a source. If the plate is hit horizontally, it 
generates a shear wave and if it is hit vertically, it generates longitudinal wave. This 
method is especially usefull for crowded city areas with limited space.  
In Figure 2.8, downhole and uphole methods are illustrated and in Figure 2.9, an 
example of velocity logging by the downhole method is shown. The thickness of 
each layer and the velocity of propagation can be delineated by connecting the data 
points. (Ishihara, 1996) 
 
Figure 2.8: (a) Seismic up-hole test and (b) Seismic down-hole test (Kramer, 1996) 
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Figure 2.9: Travel-time curve from down-hole test in San Francisco Bay area. (After 
Schwarz and Musser, 1972) (Kramer, 1996) 
2.2.1.5 Suspension sonde method 
Shear waves are generated in all directions if an element of medium in a half space is 
displaced horizontally. In Figure 2.10, two typical shear waves (horizontal and 
vertical direction) and a compressional wave (in the horizontal direction) is shown.  
 
Figure 2.10: Mode of soil deformation within a half-space due to a horizontal 
impulse (Ishihara, 1996) 
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The sonde is suspended by a tension cable and lowered into a water filled hole. The 
sonde consists two geophones which are installed one meter apart, source driver and 
filter tube which is composed of a rubber tube contains compressed air and which 
provides a clear shear wave signals for geophones. (Figure 2.11) (Ishihara, 1996) 
 
Figure 2.11: Velocity logging by suspension method (Nigbor and Imai, 1994) 
(Ishihara, 1996) 
An electrical device generates an impulse. In Figure 2.12, the mode of deformation 
of the soil deposit cen be seen schematically. Also Figure 2.13 shows that the pair of 
records are helping to identify the travel time between the first and the second 
receiver. An example of velocity logging by suspension sonde can be seen in Figure 
2.14. 
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Figure 2.12: Monitoring of fronts of wave propagation by the suspension method 
(Kitsunezaki, 1982) (Ishihara, 1996) 
 
Figure 2.13: Reading of recorded motions in the suspension technique 
(Ishihara,1996) 
 
Figure 2.14: An example of at-depth velocity logging by the suspension method 
(Nigbor and Imai, 1994) (Ishihara, 1996) 
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2.2.2 Laboratory tests 
 Laboratory tests provide generally more accurate measurements for soil properties 
than in site tests. Pore water drainage can be controlled also soil properties can be 
measured at different confining stresses than those in situ. However, laboratory tests 
need soil sampling which cause disturbance of the soil. Also laboratory test results 
are representative for the entire test site because of the heterogeneous nature of the 
soil. Deformation levels are most important criterion for dynamic laboratory tests. 
(Figure 2.15) 
 
Figure 2.15: Deformation range in dynamic laboratory tests (Houbrechts et al., 
2011) 
2.2.2.1 Resonant column test 
Resonant column test is used especially for measuring the low strain properties of 
soils. Cylindrical soil specimen is prepared and fixed in place in a triaxial cell. The 
pressure cell is closed, air pressure is applied to the soil specimen and the whole 
pressure cell. After that, dynamic excitation with a certain voltage and frequency is 
applied. Resonant frequency is the frequency of the maximum output amplitude. It is 
possible to back-calculate the velocity of wave propagation so the shear modulus 
with known value of the resonant frequency, sample geometry and conditions of end 
restraint. After the excitation is switched off, the specimen shows a free-decaying 
vibration which allows to determitaion of the damping property. The procedure is 
repeated for other excitation amplitudes and also for different cell pressures. 
(Ishihara, 1996) 
There are most common two version of resonant column test apparatus which are 
shown in Figure 2.16. They  are called free-free and fixed-free. The difference of 
these apparatus is the driving force is applied at the bottom for Figure 2.16(a) but it is 
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applied at the top for Figure 2.16(b). However, the response is picked up at the top 
for both of them.  
 
Figure 2.16: Two types of the resonant column test apparatus (Ishihara, 1996) 
In Figure 2.17, resonant column apparatus designed by Drnevich (1972) can be seen. 
 
Figure 2.17: Resonant column test apparatus (Dmevich, 1972) (Ishihara, 1996) 
As mentioned, the damping ratio is determined from the observation of an amplitude 
decay curve for free vibration. In Figure 2.18, decay of free vibration and logarithm 
of the amplitude versus cycles illustraions can be seen.  
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Figure 2.18: Method of determining the damping ratio from the free vibration phase 
(Ishihara, 1996) 
For Figure 2.18(a), the logarithmic decreament Δ1 is defined as,  
                                        ∆1= 𝑙𝑜𝑔 𝑦1𝑦2 = 𝑙𝑜𝑔 𝑦2𝑦3 = ⋯            = 𝑙𝑜𝑔 𝑦𝑁−1𝑦𝑁                    (2.8)  
where N is the number of cycles. So, 
𝑙𝑜𝑔𝑦1 = ∆1 + 𝑙𝑜𝑔𝑦2                                                                  
                                                   𝑙𝑜𝑔𝑦2 = ∆1 + 𝑙𝑜𝑔𝑦3                                            (2.9) 
...  
𝑙𝑜𝑔𝑦𝑁−1 = ∆1 + 𝑙𝑜𝑔𝑦𝑁  
From these relations, 
                                                       ∆1= 1𝑁−1 𝑙𝑜𝑔 𝑦1𝑦𝑁                                               (2.10)     
As seen in Figure 2.18(b), logarithmic decreament value Δ1 can be taken as the slope 
of the straight line. From the correlation of Δ1, damping ratio D; 
                                                            𝐷 = 1
2𝜋
∆1                                                  (2.11) 
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2.2.2.2 Cyclic simple shear test 
Cylindrical specimen in the cyclic simple shear test is short and restrained against 
lateral expansion by rigid boundary platens (Cambridge-type device) , a wire-
reinforced membrane (NGI-type device) or a series of  stacked rings (SGI-type 
device). The test specimen is deformed when the cyclic horizontal shear stresses are 
applied. This deformation is just like the same as an element of soil subjected to 
vertically propagating s-waves. (Figure 2.19) However, shear stresses are only 
applied on the top and bottom surfaces of the specimen so the moment caused by 
horizontal shear stresses on the vertical sides must be balanced by non-uniformly 
distributed shear and normal stresses. (Kramer, 1996) NGI-type cyclic simple shear 
apparatus can be seen in Figure 2.20. 
 
Figure 2.19: Stress and strain conditions imposed on element of soil below level 
ground surface by vertically propagating shear waves at four different times 
(Kramer, 1996) 
 
Figure 2.20: NGI-type cyclic simple shear apparatus. Soil specimen is contained 
within wire-reinforced rubber membrane (After Airey and Wood, 1987) (Kramer, 
1996) 
2.2.2.3 Cyclic triaxial test 
Dynamic triaxial test is one of the most used laboratory tests for measuring dynamic 
soil properties at high strain levels. The liquefaction potential, the dynamic 
deformation modulus and damping and the resilient modulus can be determined by 
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triaxial test. For determination of dynamic deformation modulus and damping, 
saturated samples (both remoulded and unaltered) must be used in load controlled or 
axial deformation-control tests. In load controlled test, usually a sinusoidal cyclic 
load is applied and the evolution of the induced deformations are the results. 
Knowing the necessary number of cycles to get material failure and a determined 
level of deformation for different stress ratios or different confinement pressures are 
the main objectives of these tests. In an axial deformation controlled test, the analysis 
of the change in the soil mechanical properties during the load application is the 
main purpose by changing the deformation in a predetermined way. Necessary load 
or the stress to obtain the prescribed deformation in each cycle are the results. 
(Houbrechts et al., 2011) The damping ratio is calculated by hysteresis loops. In 
Figure 2.21, triaxial test apparatus is shown. 
 
 
Figure 2.21: Triaxial test apparatus (Ishihara, 1996) 
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2.2.2.4 Cyclic torsional shear test 
Cyclic torsional cyclic shear tests are most commonly used to measure stiffness and 
damping characteristics over a wide range of strain levels. Two types of cylindrical 
specimen can be tested in the torsional test apparatus: solid and hollow. However, in 
the radial direction in the horizontal plane of the sample, strain distribution is not 
uniform for solid specimens. So hollow cyclindrical samples are preferred because of 
the best uniformity and control over stresses and drainage. But the preparation of 
specimen can be difficult and the equipment is not widely available. (Ishihara, 1996; 
Kramer, 1996) Figure 2.22 shows the hollow cyclinder apparatus.  
 
Figure 2.22: Hollow cylinder apparatus (Kramer, 1996) 
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3. OVERVIEW OF SOIL DAMPING 
3.1 Suggested and Developed Equations for Damping Determination 
As explained in the previous chapter, damping is determined by Equation (2.1) in 
generally. Studies on different kind of soils or different kind of situations requires a 
different solutions. In this manner some researchers suggested different formulation 
for damping determination and also some researchers developed these suggestions.  
3.1.1 Ramberg-Osgood model (Ray and Woods, 1988) 
Ray and Woods (1988) performed the torsional simple shear (TOSS) and resonant 
column (RC) tests on five different cohesionless soils to determine their modulus and 
damping characteristics by using a nonlinear Ramberg-Osgood stress strain model. 
Tested soils are 20-30 Ottowa sand, Mambucaba sand, Soil 3, crushed quartz silt and 
glacier way silt. The 20-30 Ottowa sand is composed of subrounded and rounded 
quartz grains, Mambuacha sand is a light- brown residual soil which is composed 
mostly of quartz with other minerals. Glacier way silt is a light-brown silt composed 
of subangular quartz grains with other minerals present. Grain-size distribution 
curves and properties of soils are shown in Figure 3.1 and Table 3.1 respectively. 
 
Figure 3.1: Grain-Size Curves for Soils Tested (Ray and Woods, 1988) 
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Table 3.1: Index and Strength Properties (Ray and Woods, 1988) 
 
Reference shear strain γr is a stiffness parameter of the specimen and was suggested 
by Hardin and Drnevich (1972). The term Gmax is at amplitudes γ ≅ 10-4% in this 
plot. Ramberg-Osgood curve formulation is taken from Streeter et al.(1974) (Ray and 
Woods,1988): 
                                                          𝛾 = 𝜎𝑜𝑠𝑖𝑛∅𝑡𝑟𝑖𝑎𝑥
𝐺𝑚𝑎𝑥
= 𝜏𝑚𝑎𝑥
𝐺𝑚𝑎𝑥
                                   (3.1) 
                                                       𝐺
𝐺𝑚𝑎𝑥
= 1
1+𝛼�
𝜏
𝐶1𝜏𝑚𝑎𝑥
�
𝑅−1                                       (3.2)  
                                                   𝛾
𝛾𝑟
= 𝜏
𝜏𝑚𝑎𝑥
× �1 + 𝛼 � 𝜏
𝐶1𝜏𝑚𝑎𝑥
�
𝑅−1
�                          (3.3) 
in which α, C1, R are the curve-fitting constants. By using Ramberg-Osgood model, 
Jennings (1964) computed damping ratio and rewrote his equation in terms of the 
variables as the following: 
                                                     𝐷 = 2×𝛼×𝐶1×�𝑅−1𝑅+1 𝜏𝐶1×𝜏𝑚𝑎𝑥�𝑅
𝜋× 𝛾
𝛾𝑟
                                  (3.4) 
For obtaining the damping, values of τ/τmax are first selected then γ/γr is computed. 
Computed damping values of tested materials under a variety of confining pressures, 
void ratios and strain levels aer shown in Figures 3.2 to 3.4.  
The prediction of damping value by the Ramberg-Osgood model is a fair indicator of 
material damping. Because it tends to predict on the high side at lower strain levels 
and it underpredicts damping at larger strain levels. Ramberg-Osgood parameters 
taken with uniform cyclic tests can be transferred to irregular loading as well.(Ray 
and Woods, 1988) Also it must be noted that the tested materials are dense. 
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Figure 3.2: Damping vs. γ/γr, Ottawa Sand (Ray and Woods, 1988) 
 
Figure 3.3: Damping vs. γ/γr, Mambucaba Sand (Ray and Woods, 1988) 
 
Figure 3.4: Damping vs. γ/γr, Glacier Way Silt (Ray and Woods, 1988) 
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3.1.2 Ishibashi and Zhang (1993) suggestions 
3.1.2.1 Sandy soils 
Hardin and Drnevich (1972) and Tatsuoka et al. (1978) suggested that the damping 
ratio is expressed as a function of G/Gmax. 
                                                            𝐷 = 𝑓 � 𝐺
𝐺𝑚𝑎𝑥
�                                               (3.5)                                                                             
where at γ≤10-6  
                                                       𝐺
𝐺𝑚𝑎𝑥
= 𝐾(𝛾)𝜎0𝑚(𝛾)−𝑚0                                    (3.6)       
                                                          𝑚𝑜 = 𝑚(𝛾 ≤ 10−6)                                      (3.7)                
where K(γ) is a decreasing function of γ, σ0 is the mean effective confining pressure 
and power m(γ) is an increasing funtion of γ. Khouri(1984) analyzed and plotted the 
available experimental data on log G/Gmax and log σ0 at various levels of γ. From the 
slope, m(γ)-m0 values and from the intersection at σ0=1.0 kN/m2 K(γ) values were 
determined. Values as a function of γ for K(γ) and m(γ)-m0 are shown in Figures 3.5 
and 3.6 respectively. 
 
Figure 3.5: K(γ) vs. γ for sands (Khouri, 1984) (Ishibashi and Zhang, 1993) 
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Figure 3.6: m(γ) - mo vs. γ for sands (Khouri, 1984) (Ishibashi and Zhang, 1993) 
Best fit data points for Figures 3.5 and 3.6, following equations were proposed 
respectively. 
                                           𝑘(𝛾) = 0.5 �1 + 𝑡𝑎𝑛ℎ �ln �0.000102
𝛾
�
0.492
��                 (3.8)                           
                                       𝑚(𝛾) −𝑚𝑜 = 0.272 �1 − 𝑡𝑎𝑛ℎ �ln �0.000556𝛾 �0.4��         (3.9) 
Damping versus G/Gmax values for same experimental data were plotted in Figure 
3.7. 
 
Figure 3.7: Damping Ratios vs. G/Gmax for sands (Khouri, 1984) (Ishibashi and 
Zhang, 1993) 
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Damping ratio values are fitted in Figure 2.7 by: 
                  𝐷𝑠𝑎𝑛𝑑  = 0.333 �0.586 � 𝐺𝐺𝑚𝑎𝑥�2 −  1.547 � 𝐺𝐺𝑚𝑎𝑥� +  1�                    (3.10) 
As a conclusion, Ishibashi and Zhang (1993) proposed Equations (3.6), (3.7), (3.8), 
(3.9) for G values and Equation (3.10) for D values to cover most types of sands. 
3.1.2.2 Modified equations for silts and clays (Plastic soils) 
Kokusho et al. (1982) and Dobry and Vucetic (1987) stated that plasticity index of 
soil (Ip) affects the modulus and the damping ratio significantly. Hence, Ishibashi and 
Zhang (1993) modified their suggested formulas with including Ip for plastic soils: 
                                                  𝐺
𝐺𝑚𝑎𝑥
= 𝐾�𝛾, 𝐼𝑝�𝜎0𝑚�𝛾,𝐼𝑝�−𝑚0                              (3.11)     
                                                         𝐷 = 𝐷𝑠𝑎𝑛𝑑 × 𝐴�𝐼𝑝�                                      (3.12)     
where A(Ip) is a modification function for sands. These modifications satisfies the 
sand conditions at Ip=0. Figure 3.8 shows plot of m(γ=103, Ip)-m0 versus Ip by using 
limited laboratory data. 
 
Figure 3.8: m(γ=0.1 %, Ip) - mo vs. Ip relationships (Ishibashi and Zhang, 1993) 
From Figure 3.8,  
                                              𝑚�𝛾 = 10−3, 𝐼𝑝� − 𝑚0 = 0.335𝑒−0.0145𝐼𝑝1.3         (3.13) 
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was generated and by combination with Equation (3.9),  
             𝑚�𝛾, 𝐼𝑝� − 𝑚𝑜 = 0.272 �1 − 𝑡𝑎𝑛ℎ �ln �0.000556𝛾 �0.4�� 𝑒−0.0145𝐼𝑝1.3        (3.14)     
is obtained. With known Ip values and using experimental data of G/Gmax, σ0 and 
Equation (3.14), K(γ=103, Ip) values were calculated from Equation (3.11). These 
values are plotted in Figure 3.9. 
 
Figure 3.9: K(γ=0.1 %, Ip) vs. Ip relationships (Ishibashi and Zhang, 1993) 
K(γ, Ip) is expressed as a modification of Equation (3.8) with an inclusion of n(Ip) 
function because best fit curve was not possible as a single function. 
                     𝑘�𝛾, 𝐼𝑝� = 0.5 �1 + 𝑡𝑎𝑛ℎ �ln �0.000102+𝑛(𝐼𝑝)𝛾 �0.492��                        (3.15) 
where, 
                    (3.16) 
With three different ranges of Ip, experimental data for damping ratio of non-sandy 
soils are plotted in Figures 3.10(a), (b) and (c). 
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Figure 3.10(a): Damping Ratios vs. G/Gmax for soils with Ip=1-15 (Ishibashi and 
Zhang, 1993) 
 
Figure 3.10(b): Damping Ratios vs. G/Gmax for soils with Ip=16-70 (Ishibashi and 
Zhang, 1993) 
 
Figure 3.10(c): Damping Ratios vs. G/Gmax for soils with Ip>71 (Ishibashi and 
Zhang, 1993) 
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For wide variety of soils, Equation (3.17) was proposed by Ishibashi and Zhang 
(1993) for the damping ratio. 
 𝐷 = 𝐷𝑠𝑎𝑛𝑑 × 𝐴(𝐼𝑃) = 𝐷𝑠𝑎𝑛𝑑 × 1+𝑒−0.0145𝐼𝑝1.32                                                                                      
                      𝐷 = 0.333 (1+𝑒−0.0145𝐼𝑝1.3)
2
 �{0.586 � 𝐺
𝐺𝑚𝑎𝑥
�
2
− 1.547 � 𝐺
𝐺𝑚𝑎𝑥
� + 1�   (3.17) 
In Figure 3.11, analytical and experimental values of damping versus plasticity index 
at γ=10-3 are compared. 
 
Figure 3.11: Analytical and experimantel damping ratios vs. Ip with various σo 
(Ishibashi and Zhang, 1993) 
3.1.3 Equations for sinusoidal, random and impulse loading (Zhang and 
Aggour, 1996)  
Zhang and Aggour (1996) performed sinusoidal, random and impulse loading tests 
on air-dry Ottowa 20-30 sand. Drnevich 'fixed-free' type resonant column device was 
used. All specimens were prepared with a relative density of approximetely 78%. 
Three confining pressures of 5, 10 and 40 psi (approx. 35, 69 and 276 kPa) were 
applied to each specimen. At each stage of testing, with the results of measurements 
of resonant frequency, amplitudes of axcitation and response at the resonant 
frequency, the root-mean-square (rms) of shear strain amplitude induced in the 
specimens and the damping ratio were determined. (Zhang and Aggour, 1996) 
Conventional method (Drnevich et al., 1978) for sinusoidal loading and random 
vibration theory for random and impulse loadings were used to determine the rms 
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values of shear strain amplitude. (Zhang, 1994) The damping ratio under each type of 
loadings was determined with The Damping Calibration Factor (DCF) method 
suggested by Hardin (1970). 
                                                           𝐷 = 1
2
𝐷𝐶𝐹
�𝐻𝑛
2−2(𝐷𝐶𝐹)2                                     (3.18)   
and, 
                                                      𝐷𝐶𝐹 = 0.045 − 0.00015 × 𝜎0                       (3.19)    
where DCF is a calibration factor of the whole system, σ0 is principal stress in 
specimens and Hn is the value of the transfer function at the resonant frequency fn. 
(Zhang and Aggour, 2004) 
At three confining pressures, the damping ratios under sinusoidal loading are shown 
in Figure 3.12. 
 
Figure 3.12: Damping ratio (%) vs. shear strain (%) at different confining pressures 
from sinusoidal tests (Zhang and Aggour, 1996) 
At a low strain range (<0.003%), it can be seen in Figure 3.12 that the damping ratio 
was low and relatively constant. It was found that if a normalized scale of shear 
strain (γ/γr) was used, the damping ratio could be unified. For cohesionless 
specimens, reference shear strain (γr) was suggested by Hardin and Drnevich (1972) 
as; 
                                                           𝛾𝑟 = 𝜎0𝑠𝑖𝑛∅𝐺𝑚𝑎𝑥                                                   (3.20) 
where σ0 is the mean principal stress, ϕ is the internal friction angle of the soil. The 
unified damping ratio under sinusoidal loading is shown in Figure 3.13. And also it 
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must be noted that the damping ratio under random and impulse loadings has a 
smilar trend with sinusoidal loading. 
 
Figure 3.13: Damping ratio vs. normalized shear strain (γ/γr) from sinusoidal loading 
tests (Zhang and Aggour, 1996) 
In Figure 3.14, unified damping ratios for every type of loading are shown. The 
damping ratio of all three loading types are relatively constant and same when the 
γ/γr<0.1. 
 
Figure 3.14: Damping Ratio vs. γ/γr from different loading tests (Zhang and Aggour, 
1996) 
As mentioned in the previous chapter, Hardin and Drnevich (1972), Tatsuoka et al. 
(1978) and Ishibashi (1981) proposed to express damping ratio as a function of 
G/Gmax. Analyzing the test data of this research, Zhang and Aggour (1996) developed 
a following function. 
                                            𝐷(%) = 𝐴 × 𝑒−𝑎� 𝐺𝐺𝑚𝑎𝑥�𝑏                                           (3.21)   
29 
 
where A, a and b are regression constants. By choosing constant b, a linear 
relationship between log(D) and (G/Gmax)b could be obtained and from the 
interseption of the straight line at G/Gmax=0 and 1, the constants A and a could be 
determined. In Figure 3.15 this relationship is shown for sinusoidal loading. 
 
Figure 3.15: Linear relationship between log(D) and (G/Gmax)1.6 from sinusoidal 
loading tests (Zhang and Aggour, 1996) 
For all three types of loading, correlation equations are summarized in Table 3.2. 
And it was found that A=40, a=3.8 for all loading types but constant b was changing. 
Table 3.2: Damping Ratio Equations (Zhang and Aggour, 1996) 
 
3.1.4 Rollins et al. (1998) suggestion 
Rollins et al. (1998) collected the data of damping ratio from available investigations 
to develop best-fit curve between the damping ratio and shear strain. Tested soils are 
mostly poorly-graded gravels and gravelly sands but there are also a few well-graded 
gravels. Relative densities are ranged from 27 to 97%, maximum grain size are 
varied from 10 to 150 mm, uniformity coefficients are ranged from 1.33 to 75 and 
the gravel percentage are varied from 20 to 90%. Properties of tested soils are 
summarized in Table 3.3. Cyclic triaxial test (CTX) and cyclic torsional simple shear 
tests (CTSS) are performed. Confining pressures are renged from 29 to 490 kPa for 
specimen consolidation. Testing equipment and testing conditions are summarized in 
Table 2.4. 
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Table 3.3: Summary of mechanical properties of gravelly soils on which cyclic shear 
tests were performed by 15 investigators (Rollins et al., 1998) 
 
Table 3.4: Summary of testing equipment and testing conditions employed by 15 
investigators conducting cyclic shear tests on gravelly soils (Rollins et al., 1998) 
 
In Figure 3.16, G/Gmax vs. γ data points and for comparison the range of sands data 
from Seed and Idriss (1970) are shown.  
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Figure 3.16: Data points defining G/Gmax vs. γ relationships for gravelly soils based 
on testing by all 15 investigators along with best-fit curve and ± one standard 
deviation bounds for entire data set (Rollins et al., 1998) 
There is also a study about drained and undrained tests for meam G/Gmax vs. γ which 
are presented in Figure 3.17 with determined standart deviation bounds in this study 
for gravels. 
 
Figure 3.17: Comparison of mean G/Gmax vs. γ curves for gravels based on 
undrained tests on saturated specimens and drained tests on dry specimens (Rollins et 
al., 1998) 
It can be seen that, two curves are less than 5% apart for γ less than 0.05%; however 
at larger shear strain amplitudes, the drained curve diverges above the undrained 
curve. But there is not sufficient data to define the drained curve shape above 0.2% 
shear strain. (Rollins et al., 1998) 
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Damping ratio data points are shown in Figure 3.18 for gravelly soils. And also for 
comparison the range of sands and gravels data from Seed et al. (1986) is shown. It 
should be noted that determined data range in this study falls toward the bottom of 
the curve defined by Seed et al. (1986). 
 
Figure 3.18: Data points defining D vs. γ relationships for gravelly soils based on 
testing by eight investigators along with best-fit curve and standard deviation bounds 
for data set (Rollins et al., 1998) 
For the best-fit curve Rollins et al. (1998) suggested following equation: 
                                              𝐷 = 0.8 + 18(1 + 0.15𝛾−0.9)−0.75                        (3.22) 
But this equation should not be used at shear strain above 1% because it could be 
erroneus. (Rollins et al., 1998) 
3.1.5 Kelvin-Voight model (Michaels, 1998) 
For the prediction of the seismic behaviour of foundations and soil embankment 
structures, determination of in situ dynamic soil properties is important. Dynamic 
soils properties calculations are done under a constitutive model with the 
corresponding differential equations. For computational analysis, both elastic 
(stiffness) and inelastic (damping) values are required. But there is no elastic 
constitutive model for a soil damping value. Thus, if viscous damping is presented, it 
will be erroneous because of the calculation of shear modulus from wave velocity. 
Since some portion of the SH-wave velocity will be incorrectly attributed to stiffness 
in an elastic model. (Michaels, 1998) 
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Kelvin-Voight model is used for engineering practice such as consolidation and soil 
dynamics. Laboratory measurements by resonant column techniques (Hardin, 1965) 
and also computation programs SHAKE (Schnabel et al., 1972) and DESRA2 (Lee 
and Finn, 1982) are invoke the Kelvin-Voight soil model. The spring-mass dashpot 
analog model is shown in Figure 3.19. The spring provides the stiffness (force 
proportional to displacement) and the dashpot represents the viscous damping (force 
proportional to particle velocity). (Michaels, 1998) 
 
Figure 3.19: Discrete realization of Kelvin-Voigt soil model, consisting of a chain of 
spring, dashpot and mass elements (Michaels, 1998) 
If the spring-mass-dashpot elements are considered as the multiple-degree-of-
freedom chain, the moment of all elements are assumed as identical and by summing 
the stiffness and damping forces, the finite difference equation of motion is found. 
Thus, for the jth element in the chain, 
                                        
𝜕𝑣𝑗
𝜕𝑡
= 𝜕𝑢𝑗
𝜕𝑡
≅ �
∆𝑥2𝑘
𝑚
� �
∆2𝑢𝑗
∆𝑥2
� + �∆𝑥2𝑑
𝑚
� �
∆2𝑣𝑗
∆𝑥2
�                   (3.23)          
where uj and υj are the particle displacement and particle velocity (measured in 
meters) for the jth mass, respectively. k is the spring constant, d is the dashpot and Δx 
is the element spacing. (Michaels, 1998) 
In the  limit of a continuum,  Equation (3.23) becomes, 
                                              𝜕
2𝑢
𝜕𝑡2
= 𝐶1 𝜕2𝑢𝜕𝑥2 + 𝐶1 𝜕3𝑢𝜕𝑡𝜕𝑥2                                           (3.24)                                                                                                                                                                                                          
where u is particle displacement, x is the spatial coordinate and t is time. Contant 
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C1is the stiffness coefficient and C2 is the viscous damping coefficient. The ratio of 
C2 (m2/s) to C1 (m2/s2) is the relaxation time in seconds. (Michaels, 1998) 
The coefficients are given in terms of shear modulus (G), mass density (ρ) and 
absolute viscosity (η) of the soil model. The mapping between Equations (3.23) and 
(3.24) coefficients are: 
                                                 �∆𝑥
2𝑘
𝑚
� → �
𝐺
𝜌
� = 𝐶1                                               (3.25) 
                                                �∆𝑥
2𝑑
𝑚
� → �
𝜂
𝜌
� = 𝐶2                                               (3.26) 
To express viscous damping, a number of forms have been chosen by using the 
Kelvin-Voigt model. These forms include complex modulus, loss tangent, loss angle 
and damping ratio. Shear modulus is expressed as a complex quantity by some 
authors (Kramer, 1996; Schnabel et al., 1972; Stoll, 1985); 
                                                        𝐺∗ = 𝐺𝑅 + 𝑖𝐺𝚤                                               (3.27) 
where i2=-1 . GR is the real part and GI is the complex part. And this is related to the 
wave equations coefficient by; 
                                                      𝐶1 = 𝐺𝑅𝜌  ;   𝐶2 = 𝐺𝚤𝜔𝜌                                          (3.28) 
where ω is frequency. in the Kelvin-Voigt model, the complex shear modulus, G*, 
varies as a funtion of frequency. The variation is linear. (Michaels, 1998) 
Loss tangent can be computed from the complex shear modulus and it is given by; 
                                                           𝑡𝑎𝑛(𝛿) = 𝐺𝐼
𝐺𝑅
                                               (3.29) 
where δ is the loss angle. It follows, 
                                                      𝑡𝑎𝑛(𝛿) = 𝜔 �𝐶2
𝐶1
� = 𝜔𝑇𝑟                                 (3.30)      
where Tr is the relaxation time. (Michaels, 1998) 
The concept of damping ratio is often employed by resonant column workers 
(Drnevich, 1978). Finally, DT (the ratio between any value of damping to critical 
damping) is given by;  
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                                                         𝐷𝑇 = 𝐶2𝜔0𝜌2𝐺𝑅                                                    (3.31)                  
where ωo is the resonant frequency. The resonant frequency is given by the root of 
the ratio of the equivalent spring constant to polar moment of inertia in a resonant 
column experiment (Drnevich et al. 1978). (Michaels, 1998) 
Table 3.5 is prepared for summarization of all suggested and developed equations for 
damping determination.   
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Table 3.5: Summarization of suggested and developed equations for damping determination 
REFERENCE SOIL TYPE EQUATIONS NOTES 
Seed and Idriss, 1970 All soil types 
𝐷 = 𝑊𝐷4𝜋𝑊𝑆 = 12𝜋 × 𝐴𝑙𝑜𝑜𝑝𝐺𝛾2  where, 𝐺 = 𝜏/𝛾 
 
Jennings, 1964 
Ray and Woods, 1988 
 
Cohesionless 
Soils 
𝐷 = 2 × 𝛼 × 𝐶1 × �𝑅 − 1𝑅 + 1 𝜏𝐶1 × 𝜏𝑚𝑎𝑥�𝑅
𝜋 × 𝛾𝛾𝑟  
C1, R, and α, are given to generate a curve of damping 
versus γ/γr, values for τ/τmax are first selected, γ/γr is then 
computed, and the value for damping is obtained. 
 
 
Hardin and Drnevich, 1972 
Tatsuoka et al., 1978 
Ishibashi and Zhang, 1993 
 
 
 
Sandy Soils 
 
𝐷 = 𝑓 � 𝐺
𝐺𝑚𝑎𝑥
� 
𝐷𝑠𝑎𝑛𝑑  = 0.333 �0.586 � 𝐺𝐺𝑚𝑎𝑥�2 −  1.547 � 𝐺𝐺𝑚𝑎𝑥� +  1� 
 
where at γ≤10-6, 
𝐺
𝐺𝑚𝑎𝑥
= 𝐾(𝛾)𝜎0𝑚(𝛾)−𝑚0 
𝑚𝑜 = 𝑚(𝛾 ≤ 10−6) 
𝑘(𝛾) = 0.5 �1 + 𝑡𝑎𝑛ℎ �ln �0.000102
𝛾
�
0.492
�� 
𝑚(𝛾) −𝑚𝑜 = 0.272 �1 − 𝑡𝑎𝑛ℎ �ln �0.000556𝛾 �0.4�� 
 
 
 
Zhang and Aggour, 1996 
 
 
Sands 
 
𝐷(%) = 𝐴 × 𝑒−𝑎� 𝐺𝐺𝑚𝑎𝑥�𝑏 where, A=40, a=3.8 for all type of loadings 
b=1.6 for sinusoidal loading 
b=2.4 for random loading 
b=3.8 for impulse loading 
Rollins et al., 1998 Gravelly Soils 𝐷 = 0.8 + 18(1 + 0.15𝛾−0.9)−0.75  
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Table 3.5: Summarization of suggested and developed equations for damping determination (Continued) 
REFERENCE SOIL TYPE EQUATIONS NOTES 
 
 
Kokusho et al., 1982 
Dobry and Vucetic, 1987 
Ishibashi and Zhang, 1993 
 
 
 
Plastic Soils 
 
𝐷 = 𝐷𝑠𝑎𝑛𝑑 × 𝐴�𝐼𝑝� 
 
𝐷 = 𝐷𝑠𝑎𝑛𝑑 × 1 + 𝑒−0.0145𝐼𝑝1.32  
 
𝐷 = 0.333 (1 + 𝑒−0.0145𝐼𝑝1.3)2  �{0.586 � 𝐺𝐺𝑚𝑎𝑥�2
− 1.547 � 𝐺
𝐺𝑚𝑎𝑥
� + 1� 
where, 
𝐺
𝐺𝑚𝑎𝑥
= 𝐾�𝛾, 𝐼𝑝�𝜎0𝑚�𝛾,𝐼𝑝�−𝑚0 
𝑚�𝛾, 𝐼𝑝� −𝑚𝑜 = 0.272 �1 − 𝑡𝑎𝑛ℎ �ln �0.000556𝛾 �0.4�� 𝑒−0.0145𝐼𝑝1.3 
𝑘�𝛾, 𝐼𝑝� = 0.5 �1 + 𝑡𝑎𝑛ℎ �ln�0.000102 + 𝑛(𝐼𝑝)𝛾 �0.492�� 
𝑛�𝐼𝑝� = 0.0                             for 𝐼𝑝 = 0 (sandy soils)             = 3.37 𝑥 10−6𝐼𝑝1.404    for 0 < 𝐼𝑝 ≤ 15 (low plastic soils)             = 7.0 𝑥 10−7𝐼𝑝1.976      for 15 < 𝐼𝑝 ≤ 70 (medium plastic soils)             = 2.7 𝑥 10−5𝐼𝑝1.115      for 𝐼𝑝 > 70 (high plastic soils) 
Hardin, 1970 
 
Sands 
𝐷 = 12 𝐷𝐶𝐹
�𝐻𝑛
2 − 2(𝐷𝐶𝐹)2 where,  𝐷𝐶𝐹 = 0.045 − 0.00015 × 𝜎0 
 
 
 
Drnevich, 1978 
Michaels, 1998 
 
 
 
 
 
 
 
 
 
 
𝐷𝑇 = 𝐶2𝜔0𝜌2𝐺𝑅  
𝜕2𝑢
𝜕𝑡2
= 𝐶1 𝜕2𝑢𝜕𝑥2 + 𝐶2 𝜕3𝑢𝜕𝑡𝜕𝑥2 
𝐶1 = �𝐺𝜌�  𝑎𝑛𝑑 𝐶2 = �𝜂𝜌� 
𝐺∗ = 𝐺𝑅 + 𝑖𝐺𝐼 
𝐶1 = �𝐺𝑅𝜌 �  𝑎𝑛𝑑 𝐶2 = � 𝐺𝐼𝜔𝜌� tan(δ) = 𝐺𝐼
𝐺𝑅
  →  tan(δ) = ω�𝐶1
𝐶2
� 
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3.2 General Curves of Damping 
3.2.1 Gravelly soils and sands 
Seed and Idriss (1970) considered the potential scatter of test data for damping ratios 
to determine an average damping ratio versus shear strain relationship for sands. To 
be more accurate, same investigators' works was considered even if they used the 
same test procedure. In Figure 3.20, approximate upper and lower bound 
relationships for sands can be seen by the dashed lines. These curves also provide a 
basis evaluation between damping ratio and strain for sands. 
 
Figure 3.20: Damping ratios for sands (Seed et al., 1986) 
Seed et al. (1986) review available information on the damping ratio for sands and 
present new data for gravels to provide a useful guide for analysis purposes.  The 
tested soils are the Oroville gravel which was prepared from the shell material used 
for the Oroville Dam, Pyramid gravel which was rockfill material for the shell 
section of the Pyramid Dam in Southern California, the Venado sandstone which was 
obtained from a medium to thick-bedded sandstone in the Upper Cretaceous Venado 
formation and the Livermore natural gravel deposit which was obtained from the 
flood plain of Livermore Valley. In Figure 3.21, grain size distribution curves of 
tested soils are shown and in Table 3.6, properties of tested soils are summarized. 
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Table 3.6: Specific gravities and maximum and minumum void ratios of soils 
tested(Seed et. al., 1986) 
 
 
Figure 3.21: Grain size distribution curves for field and modeled gradations (Seed 
et. al., 1986) 
Cyclic undrained triaxial test method was used and the hysteretic stress-strain 
relationships were used to determine the damping characteristics of soils. For 
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evaluate the damping ratios, fifth cycle of the hysteresis loops were used. Measured 
values at a relative density of 80% for all materials are shown in Figure 3.22. 
 
Figure 3.22: Equivalent Damping Ratios for Gravelly Soils at Dr = 80%(Seed et al., 
1986) 
All measured values of damping ratio for four tested gravels are shown in Figure 
3.23. For comparison, the range of values for sands shown in Figure 3.17 is also 
shown. 
 
Figure 3.23: Comparison of Damping Ratios for Gravelly Soils and Sands (Seed et. 
al., 1986) 
As a conclusion of Figures 3.20 and 3.23 damping ratios for gravels and sands are 
very similar. And these curves can be used as a guide for cohesionless soils. 
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3.2.2 Plastic soils 
To refine the trends between PI (Plasticiy index) and damping ratio curves, Vucetic 
and Dobry(1991) analyzed the several additional data with the data presented in 1987 
paper (Dobry and Vucetic, 1987) to present a ready-to-use charts. Considered 16 
investigations are summarized in Figure 3.24 and these studies include normally and 
overconsolidated soils (OCR=1-15) as well as sands. In Figure 3.25, main results of 
this study are represented. And it should be noted that PI=0 curves in  Figure 3.25, 
satisfy the curves by Seed and Idriss(1970), Seed et al. (1986) which are shown in 
Figures 3.20 and 3.23. 
 
Figure 3.24: Summary of studies considered (Vucetic and Dobry, 1991) 
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Figure 3.25: Relations λ vs. γc, Curves and Soil Plasticity for Normally and 
Overconsolidated Soils (Vucetic & Dobry, 1991) 
Figure 3.25 shows the trends between PI and damping ratio and it can be used as a 
ready-to-use chart for plastic soils.  
3.3 Factors Affecting Soil Damping 
3.3.1 Relative density 
As explained in chapter 3.2.1, Seed et al.(1986) made tests on gravelly soils. Soil 
properties can be seen on Table 3.6 and grain-size distribution curves can be seen in 
Figure 3.21. In Figure 3.22, measured damping values for all materials at a relative 
density of 80% are shown. Average damping ratios at relative densities of 65%, 80% 
and 100% for the four gravelly soils was plotted to comprehend the effect of relative 
density on the damping ratio in Figure 3.26. 
 
Figure 3.26: Effect of Relative Density on the Damping Ratio versus Strain 
Relationship for Gravelly Soils (Seed et. al., 1986) 
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As a conclusion, relative density affect the damping ratios for sands and gravels 
slightly and positively. (Seed et al.,1986) 
3.3.2 Number of cycles (N) 
In chapter 3.1.1, performed tests from Ray and Woods(1988) on sands and silts was 
explained. In Fig 3.1 and Table 3.1, tested soil properties are shown. Based on 
Figures 3.2, 3.3 and 3.4, damping capacity reduces with N for both sands and silts. 
Even after 200 cycles, damping ratios can drop to 50% their initial value. (Ray and 
Woods, 1988) 
3.3.3 Plasticity index (PI) 
As mentioned in chapter 3.2.2, to refine the trends between PI (Plasticiy index) and 
damping ratio curves, Vucetic and Dobry(1991) analyzed the several additional data 
with the data presented in 1987 paper (Dobry and Vucetic, 1987) which were 
summarized in Figure 3.24. Correlations between damping ratio and plasticity index 
for these investigations are plotted in Figure 3.27. 
 
Figure 3.27: Correlations between Damping λ and Plasticity Index PI for Normally 
and Overconsolidated Soils (Vucetic & Dobry, 1991) 
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Developed curve from Figure 3.27 can be seen as Figure 3.25. These figures show 
that damping ratio decreases when the plasticity index increases. 
3.3.4 Overconsolidation ratio (OCR)  
Vucetic et al. (1998) perform tests on five different soils at small strains with a new 
testing apparatus which is called the double specimen direct simple shear (DSDSS) 
device. Details about the device can be found in Doroudian and Vucetic (1993,1995). 
Soils were tested with this apparatus in the approximate range γc ≈ 0.001 - 0.004%. 
Five soils include two sands with different silt contents and three clays with different 
plasticity. Grain size distribution curves of two sands are shown in Figure 3.28. And 
also soil properties and testing program are summarized in Table 3.7 and 3.8 
respectively.  
 
Figure 3.28: Grain Size Distribution Curves of Two Sands Tested (Vucetic et al., 
1998) 
Table 3.7: Relevant Physical Properties and Classification Characteristics of Soils 
Tested (Vucetic et al., 1998) 
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Table 3.8: Summary Of Testing Program (Vucetic et al., 1998) 
 
3.3.4.1 Results for sands 
In Figure 3.29 and 3.30, OCR effect can be seen on damping ratio for Santa Monica 
(SM) sand and Antelope Valley (AV) sand, respectively.  
 
Figure 3.29: Effect of OCR on λ for Santa Monica (SM) Sand (Vucetic et al., 1998) 
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Figure 3.30: Effect of OCR on λ for Antelope Valley (AV) Sand (Vucetic et al., 
1998) 
Damping ratio significantly decreases when OCR increases for both sands. 
3.3.4.2 Results for clays 
In Figures 3.31 and 3.32, OCR effect can be seen on damping ratio for Clay A and 
Clay B, respectively. 
 
Figure 3.31: Effect of OCR on λ for Clay A (Vucetic et al., 1998) 
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Figure 3.32: Effect of OCR on λ for Clay B (Vucetic et al., 1998) 
The OCR effect is different for Clay A and Clay B because of different plasticity 
index of clays. Clay A has a lower PI=22 and Clay B has a larger PI=38. For Clay A, 
damping ratio significantly decreases when OCR increases but the effect is still less 
for sands (PI=0). For Clay B, OCR has no effect on damping ratio. So it can be said 
that, OCR affects the damping less as PI increases. (Vucetic et al., 1998) 
3.3.5 Effective consolidation stress (σ'vc) 
Vucetic et al. (1998) tests are explained in Chapter 3.3.5. Soil properties are shown 
in Figure 3.28 and Table 3.7 and test procedures are shown in Table 3.8. 
3.3.5.1 Effects on sands 
In Figure 3.33, effective consolidation stress effect can be seen on damping ratio for 
Santa Monica (SM) sand and Antelope Valley (AV) sand. Damping ratio decreases 
as the effective consolidation stress increases. But the effect is smaller in the range of 
large σ'vc. (Vucetic et al., 1998) 
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Figure 3.33: Effect of σ'vc on λ for: (a) Santa Monica (SM) Sand; (b) Antelope 
Valley (AV) Sand (Vucetic et al., 1998) 
3.3.5.1 Effects on clays 
In Figures 3.34 and 3.35, effective consolidation stress effect can be seen on 
damping ratio for Clay A and Clay B, respectively. 
 
Figure 3.34: Effect of σ'vc on λ for Clay A (Vucetic et al., 1998) 
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Figure 3.35: Effect of σ'vc on λ for Clay B (Vucetic et al., 1998) 
Damping ratio decreases as the σ'vc increases below 150 kPa. And the effect is 
greater for Clay A than for Clay B because of their PI. And the effect of σ'vc on 
damping cannot be observed above 150 kPa. (Vucetic et al., 1998) 
3.3.6 Silt content 
Again Vucetic et al. (1998) paper is used to explain the silt content effect on 
damping. Soil properties are already shown in Figure 3.28 and Table 3.7 and test 
procedures are shown in Table 3.8. Silt content effect is shown in Figure 3.36. 
Damping values are generally higher for clean SM sand than the silty AV sand above 
γc ≈ 0.005% except the case where σ'vc=150 kPa and OCR=1. But below γc ≈ 
0.005%, damping values are higher for silty AV than the clean SM sand except the 
case where σ'vc=30 kPa and OCR=5. (Vucetic et al., 1998) 
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Figure 3.36: Effect of Silt Content on λ (Vucetic et al., 1998) 
3.3.7 Loading type effect 
As mentioned in Chapter 3.1.3, Zhang and Aggour (1996) performed sinusoidal, 
random and impulse loading tests on air-dry Ottowa 20-30 sand. Comparison of three 
type loading on damping ratio can be seen in Figure 3.37. 
 
Figure 3.37: Damping Ratio vs. γ/γr from different loading tests (Zhang & Aggour, 
1996) 
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Damping ratios are relatively constant and low at low strain levels (γ/γr<0.1) for all 
type of loadings. But at higher strain levels (γ/γr>0.1), loading types affect the 
damping ratio significantly. The damping ratio is highest under impulse loading and 
the lowest under sinusoidal loading for sands. (Zhang & Aggour, 1996) 
3.3.8 Comparison of seismic centrifuge test and resonant column test on 
damping  
To determine the damping parameters, many researchers have used the cyclic triaxial 
or resonant column tests. Dynamic centrifuge test is an alternative technique and 
Rayhani and El Naggar (2008) compared the seismic centrifuge tests and the 
resonant column tests on soft clay and loose sand. In Figure 3.38, centrifuge models 
configuration can be seen in prototype scale. To apply a one dimensional prescribed 
base input motion, an  electro-hydraulic earthquke simulator (EQS) was attached on 
the centrifuge. Equivalent shear beam model container (ESB) has 0.73 m lenght, 0.3 
m width and 0.57 m height. Prototype of soil in depth 30 m is simulated with the soil 
model at 80 g. With extensive horizontal and vertical arrays of accelerometers and 
transformers (LVDT), the model were instrumented. 
 
Figure 3.38: Centrifuge models configuration in prototype scale (Rayhani and El 
Naggar, 2008) 
Glyben is a mixture of sodium bentonite powder and glycerin and was used to 
simulate soft clay behaviour in tests. Well graded Al white silica was used for sand 
soil. The material properties are summarized in Table 3.9. 
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Table 3.9: Soil properties used in experimental tests (Rayhani and El Naggar, 2008) 
 
To measure the shear wave velocity at depth 20 m, horizontal blow tests were 
performed. Shear wave velocities are shown in Table 3.10. 
Table 3.10: Shear wave velocity of soil in centrifuge container (Rayhani and El 
Naggar, 2008) 
 
6 earthquake-like shaking events which were scaled versions of artificial west 
Canada eathquake (Seid-Karbasi, 2003) and the Port Island ground motion during the 
1995 Kobe earthquake subjected to each model. In Table 3.11, earthquake input 
motions are listed. 
Table 3.11: Earthquake inputmotion in centrifuge tests (Rayhani and El Naggar, 
2008) 
 
Representative acceleration during moderate event is shown in Figure 3.39 for clay 
and sand. 
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Figure 3.39: Representative acceleration during WCM event in clay and sand 
(Rayhani and El Naggar, 2008) 
For the clay model, the shear stress-strain histories at depths 3 m, 12 m and 20 m 
during WCM (moderate) shaking event are shown in Figure 3.40. For the sand 
model, the shear stress-strain histories at different depths during WCL (weak), WCM 
(moderate) and WCH (strong) events are shown in Figure 3.41. 
 
Figure 3.40: Shear stress–strain histories at different depths during WCM event in 
clay (Rayhani and El Naggar, 2008) 
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Figure 3.41: Shear stress–strain histories at different depths during all shaking 
events in sand (Rayhani and El Naggar, 2008) 
Shear strain level increases with the stronger shaking events. And with the depth of 
accelerometer, the hysteresis loop slope increases. That means the soil damping 
increases as the strain increases and decreases as the depth increases. (Rayhani and 
El Naggar, 2008) 
3.3.8.1 Soft clay 
In Figure 3.42, identified and emperical damping relationships for glyben clay are 
shown. 
 
Figure 3.42: Identified damping and empirical relationships for glyben clay 
(Rayhani & El Naggar, 2008) 
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The estimated centrifuge damping ratio data is in aggreement with the resonant 
column results and the corresponding Hardin and Drnevich (1972) curves at shear 
strain smaller than 0.5%. However, the damping ratio data is slightly higher at shear 
strain larger than 0.5%. And also the centrifuge data are noticeably far from the 
design curves suggested by Kokusho et al. (1982) and Vucetic and Dobry (1991) for 
fine grained soils. (Rayhani and El Naggar, 2008) 
3.3.8.2 Dry sand 
In Figure 3.43, identified and emperical damping relationships for dry sand are 
shown. 
 
Figure 3.43: Calculated damping and empirical relationships for dry sand (Rayhani 
and El Naggar, 2008) 
Like soft clay, at shear strain smaller than 0.5%, the damping ratios show a 
reasonable agreement with the emperical curves of Hardin and Drnevich (1972), 
Seed and Idriss (1970) and resonant column results for dry sand. However, the 
damping ratio data is slightly higher at shear strain larger than 0.5%. (Rayhani and El 
Naggar, 2008) 
3.3.9 Compaction energy 
Wu et al. (2008) performed resonant column (RC) tests on saturated compacted soils 
which are classified as SM, ML and CL. These soils were taken from the borrow 
areas of planned earth dam. Physical properties of the compacted soils are 
summarized in Table 3.12. 
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Table 3.12: Physical Properties of the Compacted Soils (Wu et al., 2008) 
 
Soils were consolidated at the isotropic pressures of 49, 98, 196 and 294 kPa. For 
compacted soils, the required degree of saturation can not be achievable with 
traditional saturation procedures because it takes too long time. Therefore, this paper 
proposed vacuum-saturation concept which is explained in Figure 3.44.  
 
Figure 3.44: Flowchart of the Proposed Saturation Methods (Wu et al., 2008) 
Saturation A method was used for ML specimen, saturation B method was used for 
SM and CL specimens. Both methods implemented that Skepton coefficient B was 
greater than 0.95 for all specimens. In Figure 3.45, damping ratio curves are shown 
and compared with other investigations. Figure 3.45 shows that, confining pressure 
effect can not be observed for ML and CL soils except SM soil. Because of the 
compaction, the deformation levels are low and the damping ratio values are small. 
Also the compaction energy type does not affect the damping ratio significantly. 
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Figure 3.45: Comparison of damping ratio curves of saturated compacted soils with 
those of other soils in previous investigations (Wu et al., 2008) 
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 3.3.10 Saturation  
To investigate the effect of saturation, Jajarzadeh and Sadeghi (2011) performed 64 
tests on medium Babolsar sand and Toyoura sand. Drained and undrained tests were 
carried out with a servo-controlled pneumatic cyclic simple shear device. Shape of 
loading was approximetely sinusoidal and the frequency was 0.5 Hz. In Figure 3.46, 
gradation curves are shown for tested materials. Physical properties are summarized 
in Table 3.13. 
 
Figure 3.46: Gradation curves of tested soils (Jajarzadeh and Sadeghi, 2011) 
Table 3.13: Physical properties of test materials (Jajarzadeh and Sadeghi, 2011) 
 
For undrained conditions, saturated samples are used because experiences shows that 
under an earthquake excitement, pore water in saturated medium to fine-grained 
sands does not have enough time to be drained. For drained conditions, unsaturated 
samples are used because under cyclic loading, unsaturated layer settles immediately. 
(Jajarzadeh and Sadeghi, 2011) 
For a proper evaluation of the saturation of a specimen consolidated under K0 
condition, instead of Skempton's pore pressure parameter, B-value, Δu/Δσ1 value is 
used; where Δu is the change in pore water pressure and Δσ1 is the change in 
principal stress. And this parameter can be calculated as; 
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                                                     ∆𝑢
∆𝜎1
= 1
�1+
𝑛𝐶𝑝
�𝐶𝑐(1+𝐾0)��                                              (3.1) 
where n is the porosity, Cp is the compressibility of pore water and Cc is the 
compressibility of soil skeleton. (Jajarzadeh and Sadeghi, 2011) 
Table 3.14 summarizes the measured pore water pressure parameter, relative density, 
total vertical stress, back pressure and effective vertical stress for 16 undrained tests. 
Table 3.14: Measured pore pressure, Δu/Δσ1, in undrained tests (Jajarzadeh and 
Sadeghi, 2011) 
 
Degree of saturation for drained tests were selected as 25%, 50% and 75% and for 
undrained tests, fully saturated specimens were assumed to have 100% degree of 
saturation. 30% and 70% post-consolidation relative densities represent loose and 
medium dense conditions, respectively. In the range of 1% and 1.5% shear strain 
amplitudes, seismic loads mainly occur. So these values were selected for all tests 
which were shear strain controlled. In Table 3.15, general conditions of testing at the 
beginning. 
Table 3.15: Conditions of cyclic simple shear tests conducted on sandy samples at 
the beginning of cyclic loading stage (Jajarzadeh and Sadeghi, 2011) 
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The variation of damping values with degree of saturation at 10th cycle is shown for 
Babolsar and Toyoura sand in Figure 3.47. 
 
Figure 3.47: Effect of saturation on damping of (a) Babolsar sand (b) Toyoura sand 
at 10th cycle (Jajarzadeh and Sadeghi, 2011) 
Figure 3.47 shows that between 25% and 75% degree of saturation, effect saturation 
degree is negligible. And also, if the liquefaction state is far for saturated specimen, 
the damping values of saturated and unsaturated samples have no difference. 
(Jajarzadeh and Sadeghi, 2011) 
In Figure 3.48, the variation of damping values for undrained tests at cycle of initial 
liquefaction were compared with the corresponding values of drained tests. 
 
Figure 3.48: Effect of saturation on damping of (a) Babolsar sand (b) Toyoura sand 
at cycle of initial liquefaction (Jajarzadeh and Sadeghi, 2011) 
Figure 3.48 shows that the behaviour between 25% and 75% degree of saturation is 
the same even though the number of cycles are different. However, saturated samples 
have considerably higher damping values than the unsaturated samples.  
In Figure 3.49, the variation of damping values with the number of cycles for 
undrained conditions are shown. 
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Figure 3.49: Variations in damping ratio with the number of cycles for saturated (a) 
Babolsar sand (b) Toyoura sand under drained condition (Jajarzadeh and Sadeghi, 
2011) 
It can be said that, damping values increase in the last 10 cycle to the cycle of initial 
liquefaction. While increase of damping values start from cycle 1 for loose samples, 
there is no significant change until 10 cycles for dense samples. (Jajarzadeh and 
Sadeghi, 2011) 
Madhusudhan and Kumar (2013) also performed resonant column tests to investigate 
the effect of saturation on the sand which was collected from the bank of the Cauvery 
River (India). Three different sand mixture were prepared from the collected sand. 
Fine sand mixture retained entirely on 75-μm-sieve size, medium sand mixture 
retained on 425-μm-sieve size and coarse sand mixture retained on 2.0-mm. (ASTM 
2009) Five different relative densities, Dr, (40, 50, 60, 70, 80%) were used for 
damping tests. Partly and fully saturated samples for a chosen relative density were 
prepared with the procedure described in Kumar and Madhusudhan (2011). For all 
three sands, the variation of the damping ratio (D0) depending on saturation (Sr), 
relative density and confining pressure (σ'3) are presented in Figures 3.50, 3.51 and 
3.52. And also minimum values of damping ratio are provided in Table 3.16. 
Figures show that as Dr increases, damping ratio decreases and optimum degree of 
saturaion inceases marginally. σ'3 does not affect the optimum degree of saturation 
but when σ'3 increases, damping ratio decreases. Regardless of the grain size, 
damping ratio reaches the maximum value for fully saturated sands. The maximum 
change in the damping ratio is generally between 0.5 and 1% for near dry to fully 
saturated state. This implies that, if the dynamic behavior of sand has to be modeled, 
saturation may not be necessary to be considered for the damping variations. 
(Madhusudhan and Kumar, 2013) 
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Figure 3.50: Variation of the damping ratio with Sr for fine sand at different relative 
densities for (a) σ'3 =100 kPa; (b) σ'3 = 300 kPa (Madhusudhan and Kumar, 2013) 
 
Figure 3.51: Variation of the damping ratio with Sr for medium sand at different 
relative densities for (a) σ'3 =100 kPa; (b) σ'3 = 300 kPa (Madhusudhan and Kumar, 
2013)  
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Figure 3.52: Variation of the damping ratio with Sr for coarse sand at different 
relative densities for (a) σ'3 =100 kPa; (b) σ'3 = 300 kPa (Madhusudhan and Kumar, 
2013) 
Table 3.16: Minimum Values of DO and the Associated Degree of Saturation for 
Different Values of Relative Density (Dr) and Effective Confining Pressure (σ'3) 
(Madhusudhan and Kumar, 2013) 
 
3.3.11 Mean grain size and uniformity coefficient effect on damping 
Witchmann and Triantafyllidis (2013) performed approximetely 280 resonant 
column tests on 27 clean quartz sands which were obtained from sand pit near 
Dorsten, Germany. The grain size distribution curves are linear in the 
semilogarithmic scale and shown in Figure 3.53. Tested materials are summarized 
with d50 and Cu values and also minimum and maximum void ratios in Table 3.17. 
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Materials from L1 to L8 were used to d50 influence and from L10 to L26 were used 
to Cu influence. 
 
Figure 3.53: Tested grain size distribution curves (adapted from Wichtmann and 
Triantafyllidis, 2009) (Wichtmann and Triantafyllidis, 2013) 
Table 3.17: Parameters d50, Cu, emin, and emax (Determined according to German 
Standard Code DIN 18126) of the tested grain size distribution curves and range of 
tested initial relative densities Dr0 (Witchmann andTriantafyllidis, 2013) 
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Curves of D(γ) were measured at the mean pressure, p=50, 100, 200 and 400 kPa. In 
Figure 3.54, d50 and Cu effect on damping ratio can be seen. 
 
Figure 3.54: Dependence of damping ratio D on (a-c) mean grain size d50 and (d-f) 
uniformity coefficient Cu (Witchmann andTriantafyllidis, 2013) 
Figure 3.54(a) shows that the damping ratio is not significantly affected by the mean 
grain size. For a closer inspection, in Figure 3.54(b and c) damping ratio is plotted as 
a function of mean grain size. For p=100 kPa, damping ratio slightly decreases when 
the mean grain size increases. For p=400 kPa, damping ratio is nearly independent of 
d50.  
Figure 3.54(d) shows that the damping ratio is hardly affected by uniformity of 
coefficient. And also Figure 3.54(e and f) reveals that, for p=50 kPa, damping ratio 
decreases when Cu increases, but for p=400 kPa, damping ratio increases when Cu 
increases. With reference to Figures 3.54(a) and 3.54(d), for practical purposes d50 
and Cu can be neglected in emperical formulas. (Witchmann and Triantafyllidis, 
2013) 
Summarization of factors affecting soil damping is in Table 3.18. 
 
 
 
 
 
 
 
66 
 
Table 3.18: Summarization of factors affecting soil damping 
Reference Increasing Factor Soil Type Damping 
Seed et al., 1986 Relative density 
(Dr) 
Gravelly soils Increase with Dr 
Ray and Woods, 
1988 
Number of cycles 
(N) 
Sands and 
silts 
Decrease with N 
Vucetic and Dobry, 
1991 
Plasticity index 
(PI) 
Normally and 
oversonsolida
ted soils 
Decrease with PI 
Vucetic et al., 1998 Overconsolidation 
ratio (OCR) 
Silty sands 
and clays 
Decrease with OCR for 
sands and clays. However 
as the PI increases OCR 
affect decreases. 
Vucetic et al., 1998 Effective 
consolidation 
stress (σ'vc) 
Silty sands 
and clays 
For sands decreases with 
σ'vc for sands but the effect 
is smaller for large  σ'vc. 
For clays decreases when 
σ'vc<150 kPa. σ'vc>150, the 
effect cannot be observed. 
Vucetic et al., 1998 Silt content Silty sands Above γc ≈ 0.005%, 
generally decreases with 
silt content. 
Below γc ≈ 0.005%, 
generally increases with 
silt content. 
Zhang and Aggour, 
1996 
Loading type Sands Impulse loading has 
highest damping and 
sinusoidal loading has 
lowest damping. 
Wu et al., 2008 Compaction 
energy 
Silty sands, 
silts and lean 
clays 
Damping values are small 
and deformation levels are 
low. Confining pressure 
effect cannot be observed. 
Compaction energy type 
does not affect damping 
ratio significantly.  
Jajarzadeh and 
Sadeghi, 2011 
Saturation Sands For 25 to 75% degree of 
saturation, the effect is 
negligible. However for 
100% degree of saturation, 
damping values are higher 
at the initial liquefaction 
cycle. 
Witchmann and 
Triantafyllidis, 2013 
Mean grain size 
(d50) and 
uniformity 
coefficient (Cu) 
Sands Effect can be neglected for 
practical purposes. 
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4. SOILS MIXED WITH GRANULATED RUBBER AND FIBER 
The application of recycled tires in engineered fills, paving projects and other 
earthworks are increasing. They are usually mixed with soil or asphalt according to 
engineering applications needs. For example, they are used as asphalt-rubber hot 
mix, rubber-modified asphalt surface/interlayer treatments in asphalt paving or in 
surface/interlayer treathments (Liang and Lee, 1996; Maupin, 1996; Eleazer and 
Barlaz, 1992). Recycled tires are also used in geotechnical engineering such as 
lightweight fills, backfill materials, highway embankments, soil reinforcements and 
soil-retaining walls (Humphrey et al., 1993; Upton and Machan, 1993; Ahmed and 
Lovell, 1993; Lee et al., 1999). (Zheng-Yi and Sutter, 2000) In developing countries, 
extra waste tires are generated because of the increasing traffic. And due to its 
lightweight and high capacity in damping energy, rubber can be used for seismic 
forces reduction and absorption of earthquake vibration. (Nakhaei et al., 2012) 
In prehistoric times fiber was being used as a reinforcement in contruction materials. 
For example in Mesopotamia, straw was adding to mud bricks to provide integrity, 
control the growth of cracks and improve soil properties. In 1986, Freitag examined 
compacted cohesive soils with fiber inclusion. As a result, inclusion of fiber 
increases strength and toughness. Also Akbulut et al. (2007) mixed recycled short 
monofilament fibers in clayey soil which showed increase in compressive and shear 
strength of clay. (Amir-Faryar and Aggour, 2012)  
4.1 Characteristics of Granulated Rubber 
Tire rubber has extremely high elasticity and good fatique properties so it has high 
damping capacity according to Beatty (1981). Tire rubber has different 
characteristics than soil materials such as the elastic deformability of tire rubber is 
orders of magniture greater, the strength and modulus of the solid particles is much 
lower, there is no yield point in the stress-strain curve and when the stress is removed 
tire rubber can be recovered from large deformation. Temperature, aging/relaxation 
and environmental factors also affect the engineering properties of rubber. 
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Depending on packing and rubber/soil mixing ratio, rubber/soil mixture 
compressibility can be relatively high. (Edil and Bosscher, 1994) But due to 
Poisson's ratio of rubber which is nearly 0.5, its  volumetric compressibility is quite 
small. (Beaty, 1981) Depending on metal content, the specific gravity of shredded 
tire generally ranges from 1.00 to 1.36. (Edil and Bosscher, 1994; Lee et al., 1999) 
(Zheng-Yi and Sutter, 2000) 
4.2 Investigations about Rubber/Soil Mixtures 
To investigate the damping ratio of granulated rubber/sand mixtures, Zheng-Yi and 
Sutter (2000) made tests on Ottowa sand constructed different percentages of 
granulated rubber. The Ottawa sand was sieved to pass the No.20 and retained on the 
No.30, the granulated rubber was sieved to pass the No.4 and retained on No.10. So 
the granular rubber has a uniform gradation. The specific gravity of Ottawa sand is 
2.67 and the specific gravity of the granulated rubber is 1.1 at a temperature 20°C. 
The samples were prepared by two method 'undercompaction' and 'handspooning'. 
Since the undercompaction (UC) samples were much more uniform than the 
handspooning (HS) samples, most of the HS samples could not be considered to give 
valid results. (Zheng-Yi and Sutter, 2000) In Table 4.1, tested sample data are given. 
A torsional resonant device was used and the isotrophic confining pressures were 69, 
207, 345 and 483 kPa (10, 30, 50 and 70 psi respectively). 
Table 4.1: Samples tested (Zheng-Yi and Sutter, 2000) 
 
A torsional resonant device was used and the isotrophic confining pressures were 69, 
207, 345 and 483 kPa (10, 30, 50 and 70 psi respectively). Damping ratios for 
specimens with the granulated rubber contents of  29, 49, 76 and 100% are shown in 
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Figures 4.1 to 4.4, respectively, under different confining pressures. And in Figure 
4.5, damping ratios for the different percentages of rubber at 345 kPa are shown.  
 
Figure 4.1: Damping behavior for 29% rubber by volume prepared using 
undercompaction (Zheng-Yi and Sutter, 2000) 
 
Figure 4.2: Damping behavior for 49% rubber by volume prepared using 
undercompaction (Zheng-Yi and Sutter, 2000) 
 
Figure 4.3: Damping behavior for 76% rubber by volume prepared using 
undercompaction (Zheng-Yi and Sutter, 2000) 
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Figure 4.4: Damping behavior for 100% rubber by volume prepared using 
undercompaction (Zheng-Yi and Sutter, 2000) 
 
Figure 4.5: Damping behavior for the different percentages of rubber at 345 kPa, 
prepared using undercompaction (Zheng-Yi and Sutter, 2000) 
The sand particles dissipate very little energy in particle deformation because they 
are very stiff. On the other hand, the rubber consumes much energy for deformation 
of rubber particles. For higher percentages of rubber; when the confining pressure 
increases, the damping ratio slightly increases which is an opposite behaviour for 
typical soils and this can be seen in Figure 4.4 clearly for 100% rubber sample. In 
Figure 4.5 shows that the damping ratio increases when the rubber content increases. 
(Zheng-Yi and Sutter, 2000) 
Nakhaei et al. (2012) made also a research about dynamic properties of granular soils 
mixed with granulated rubber. A series of large-scale consolidated undrained 
cylindrical triaxial tests were carried out on the granular soils which were mixed with 
different percentages of rubber. The soil was excavated from a huge mine situated in 
Ekhtiar Abbad Kerman site, south-east of Iran. The granulated rubber was supplied 
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from Behzist Factory located in Orumieh City, north-west of Iran. Specific gravity of 
granulated rubber is 1.1 and granulated rubber particles have nonspherical shapes. 
The particle size distribution curves for soil and rubber are shown in Figure 4.6.  
 
Figure 4.6: The particle size distribution for granular soil and granulated rubber 
(Nakhaei et al., 2012) 
The tested soil was well graded gravel with clay based on Unified Soil Classification 
System. Properties of soil are summarized in Table 4.2. 
Table 4.2: The properties of tested soil (Nakhaei et al., 2012) 
 
Soil samples contained 0, 8, 10 and 14% granulated rubber by weight. Some 
properties of the mixtures and prepared specimen are shown in Table 4.3 and 4.4, 
respectively. 
Table 4.3: The optimum water content, maximum and minimum dry unit weights, 
and specific gravites of the mixtures (Nakhaei et al., 2012) 
 
Table 4.4: The prepared specimen properties (Nakhaei et al., 2012) 
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The samples have a 15 cm diameters and 30 cm heights. Each samples were 
saturated and then consolidated isotrophically under 50, 100, 200 and 300 kPa 
pressures. The testing program is summarized in Table 4.5. 
Table 4.5: The testing program procedure (Nakhaei et al., 2012) 
 
Damping ratio curves for rubber/soil mixtures variation of granulated rubber 
percentages and variation of confining pressures are presented in Figure 4.7 and 4.8, 
respectively. 
 
Figure 4.7: Damping ratio versus shear strain amplitude for the confining pressures 
of 50, 100, 200 and 300 kPa and the variation of granulated rubber percentages 
(Nakhaei et al., 2012) 
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Figure 4.8: Damping ratio versus shear strain amplitude for 0.0, 8, 10 and 14% 
granulated rubber and the variation of confining pressures. (Nakhaei et al., 2012) 
Figure 4.7 shows that for 50 and 100 kPa, damping ratio decreases with an increase 
of rubber content. However, for 200 and 300 kPa, this trend is opposite. This 
behaviour can be explained that; for low confining pressures (50 and 100 kPa), 
elastic strain increases with an increase of rubber content due to its high elastic 
deformation capacity so it causes to decrease in damping ratio. On the other hand for 
high confining pressures (200 and 300 kPa); during the application of deviator stress, 
relative displacement increases because of the inflexibility of rubber grains which 
were pressed so it causes to increase in both plastic strain and damping ratio. 
(Nakhaei et al., 2012) 
Figure 4.8 shows that for soil without rubber content, the damping ratio decreases 
with an increase of confining pressure. However, damping ratio increases with an 
increase of confining pressure for the soils with granulated rubber inclusion. This 
behaviour may be explained that, increasing confining pressure causes to 
compression of granulated rubber which becomes inflexible. As mentioned before; 
during the application of deviator stress, slippage of the soil grains on each other 
increases so it causes to increase in both plastic strain and damping ratio. (Nakhaei et 
al., 2012) 
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 Also the effect of confining pressure on damping increases as the rubber content 
increases because at high confining pressures, the mixture has more plastic strain and 
at low confining pressures, the mixture has more elastic strain. (Nakhaei et al., 2012)  
Senetakis et al.(2011) have a research about the dynamic properties of dry 
sand/rubber (SRM) and gravel/rubber (GRM) mixturesin a wide strain range of shear 
strains. High-amplitude resonant column tests were performed on the dry mixtures 
with high relative densities. Specimens have 71.1 mm diameter and 142.2 mm height 
and the rubber contents are ranging from 0% to 35%. Fluvial sand of sub-rounded to 
rounded particles are named as C2D03, C3D06, C2D1 and quarry sandy gravel of 
sub-angular to angular particles are named as C2D3, C6D3, C13D3 and C1D8. Also 
uniform rubber materials are named as R03, R06, R2 and R3. The mean grain size 
(D50) of solids and rubbers is in a range of 0.30-8.0 mm and 0.30-3.0 mm, 
respectively. And the uniformity coefficient (Cu) for solids and rubbers is 
approximetely in a range of 1.0-13 and 2.0-3.0, respectively. 'Parent' materials used 
for tested mixtures are summarized in Table 4.6 and 4.7. 
Table 4.6: Parent sandy and gravelly soils used as physical part of the 
mixtures(Gs=2.67 g/cm3) (Senetakis et al., 2011) 
 
Table 4.7: Parent rubber materials used as synthetic part of the mixtures (Gs=1.10 
g/cm3) (Senetakis et al., 2011) 
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The grain size distribution curves of the 'parent' materials are shown in Figures 4.9 
and 4.10. 
 
Figure 4.9: Grain size distribution curves of 'parent' sandy and gravelly soils 
(Senetakis et al., 2011) 
 
Figure 4.10: Grain size distribution curves of 'parent' granulated rubber 
materials(Senetakis et al., 2011) 
Torsional resonant column tests were applied of fourty-one dry specimens. Shear 
strain amplitudes (γ) are ranging from 2x10-4 % to 3x10-1%, mean confining 
pressures (σ'm) are ranging from 25 to 400 kPa and rubber contents are ranging from 
0% to 35%. It must be noted that, rubber content of 35% by weight corresponds to 
rubber content about 55-60% by mixture volume. Testing programs are summarized 
in Table 4.8 and 4.9. 
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Table 4.8: High-amplitude torsional RC testing program (Senetakis et al., 2011) 
 
Table 4.9: High-amplitude torsional RC testing program: code names and data of dry 
71.1 x 142.2 mm specimens (Senetakis et al., 2011) 
 
Equation (4.1) is given for the small-strain damping ratio (DTo,mix) of SRM and 
GRM and it is a function of confining pressure (σ'm) and the corresponding initial 
damping ratio of the mixture at σ'm=100 kPa (DTo,mix,100). Equation (4.2) is given for 
the correlation of DTo,mix,100 with the corresponding small-strain damping ratio of the 
soil which has 0% rubber content at σ'm=100 kPa (DTo,soil,100) and a linear function of 
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the rubber content (F(prd)) which is also given as Eq. (4.3). The constant values of 
Equations (4.1) and (4.3) are given in Tables 4.10 and 4.11, respectively. 
                                       𝐷𝑇𝑂,𝑚𝑖𝑥 = 𝐷𝑇𝑂,𝑚𝑖𝑥,100 × 𝐴𝐷 × (𝜎′𝑚)𝑛𝐷                         (4.1) 
                                           𝐷𝑇𝑂,𝑚𝑖𝑥,100 = 𝐷𝑇𝑂,𝑠𝑜𝑖𝑙,100 × 𝐹(𝑝𝑟𝑑)                            (4.2) 
                                                𝐹(𝑝𝑟𝑑) = A6 × (pr) + A7                                       (4.3) 
Table 4.10: Parameters for the estimation of the small-strain damping ratio of the 
SRM and GRM (Senetakis et al., 2011) 
 
Table 4.11: Parameters for the estimation of the function F(prd) (Senetakis et al., 
2011) 
 
Figure 4.11 presents the damping values of clean sandy and gravelly soils while 
Figure 4.12 presents the all experimental data of SRM and GRM. In both figures, 
curves proposed by Menq (2003) for clean sands and gravels are plotted as a 
comparison. Menq (2003) indicates that with increasing confining pressure and 
decreasing coefficient of uniformity, DT-logγ curves of granular soils become more 
linear.  
 
Figure 4.11: Synopsis of the experimental DT-logγ values of the tested clean sandy 
and gravelly soils (Senetakis et al., 2011) 
79 
 
 
Figure 4.12: Synopsis of the experimental DT-logγ values of the tested SRM and 
GRM (Senetakis et al., 2011) 
To examine the shear strain amplitude and the mean confining pressure effect on the 
DT values, the results of three specimens of mixture group C1D8-R2 with rubber 
content of 0%, 15% and 25% by mixture weight are presented in Figures 4.13, 4.14 
and 4.15, respectively. Also curves for sands proposed by Seed et al. (1986) are 
shown in the same figures. As expected, the increase of shear strain amplitude 
increases the damping. As the mean confining pressure increases DT values are 
slightly decrease and at the same shear strain amplitude, increasing of σ'm leads to 
more 'linear' behaviour. (Senetakis et al., 2011) 
 
Figure 4.13: Effect of shear strain amplitude, γ, and confining pressure, σ'm, on DT 
of clean gravel C1D8 (Senetakis et al., 2011) 
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Figure 4.14: Effect of shear strain amplitude, γ, and confining pressure, σ'm, on DT 
of GRM C1D8-R2-85/15 having 15% rubber content by mixture weight (Senetakis et 
al., 2011) 
 
Figure 4.15: Effect of shear strain amplitude, γ, and confining pressure, σ'm, on DT 
of GRM C1D8-R2-75/25 having 25% rubber content by mixture weight (Senetakis et 
al., 2011) 
To examine the rubber content effect on the DT values which are normalized (DT-
DTO) to eliminate the effect of DTO ; in Figure 4.16 and 4.17, the mixture groups 
C1D8-R2 and C6D3-R3 at σ'm=100 kPa and in Figure 4.18, the mixture group 
C2D03-R03 at σ'm=50 kPa are presented. 
With increasing of rubber content, DT-logγ curves are more linear shape especially 
for rubber content equal or higher than 15% by mixture weight. It can be also said 
that the effect of σ'm on DT-logγ curves decreases as the rubber content increases for 
SRM and GRM. (Senetakis et al., 2011) 
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Figure 4.16: Effect of rubber content on DT-logγ curves mixture group C1D8-R2 at 
σ'm=100 kPa (Senetakis et al., 2011) 
 
Figure 4.17: Effect of rubber content on DT-logγ curves mixture group C6D3-R3 at 
σ'm=100 kPa (Senetakis et al., 2011) 
 
Figure 4.18: Effect of rubber content on DT-logγ curves mixture group C2D03-R03 
at σ'm=50 kPa (Senetakis et al., 2011) 
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Previous study of  Senetakis et al. (2012) additionally examines fully saturated 
specimens. Dry soil and rubber materials, the range of rubber content and mean 
confining pressure  are exactly the same with Senetakis et al. (2011). Summarization 
of these materials can be seen in Tables 4.6 to 4.9 and in Figures 4.9 and 4.10. Also 
for Senetakis et al. (2012), testing program on dry and saturated specimens is shown 
in Table 4.12. DT-logγ curves of the mixture groups C2D03-R2 and C3D06-R06 
with rubber contents between 0% and 15% at σ'm=100 kPa are presented in Figure 
4.19. Seed et al. (1986) curves for sandy soils are also plotted.  
Table 4.12: High-amplitude torsional resonant column testing program on dry and 
saturated specimens (Senetakis et al., 2012) 
 
 
Figure 4.19: Effect of rubber content on DT-logγ curves of saturated specimens 
(Senetakis et al., 2012) 
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Figure 4.19 shows that as the rubber content increases, DT-logγ curves become more 
linear. (Senetakis et al., 2012) 
To examine the mean confining pressure effect on the DT values, the results of two 
dry specimens of mixture group C3D06-R3 with rubber content of 10% and 15% by 
mixture weight are presented in Figures 4.20. Also curves for sands proposed by 
Seed et al. (1986) are plotted. Figure 4.20 shows that; at a specific shear stress 
amplitude, DT values increase as σ'm decreases like the general trend. (Senetakis et 
al., 2012) 
 
Figure 4.20: Representative DT-logγ curves of dry specimens: (b) specimen C3D06-
R3-90/10 and (d) specimen C3D06-R3-85/15 (Senetakis et al., 2012) 
To investigate the effect of the ratio of mean grain size of rubber solids versus soil 
solids (D50,r/ D50,s) on damping ratio, Ehsani et al. (2015) performed torsional 
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resonant column and dynamic triaxial experiments. Firoozkooh sandy soil (F161) 
which were taken from natural round silica sand mines of Firoozkooh township; has 
a mean grain size of D50=0.22 mm, a coefficient of uniformity of Cu=2.14 and a 
specific gravity of 2.66. Coarse granular rubber (CR) and fine granular rubber (FR) 
have a specific gravity of 1.1. The grain-size distribution curves of soil and rubber 
materials are shown in Figure 4.21. 
 
Figure 4.21: Grain-size distribution curves of soil and rubber materials (Ehsani et 
al., 2015) 
Sand-coarse rubber mixture and sand-fine rubber mixture are named as F161-CR and 
F161-FR, respectively. Cyclic triaxial test samples has 70 mm in diameter and 140 
mm and height while resonant column specimens has 70 mm in diameter and 100 
mm in height. The maximum dry density and optimum moisture values for mixture 
groups are shown in Table 4.13. 
Table 4.13: Maximum dry density and optimum moisture of mixtures (Ehsani et al., 
2015) 
 
Dynamic experiments were performed on nine wet mixtures with rubber content 10% 
to 30% under 300 kPa confining pressure. Testing program is listed in Table 4.14. 
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Table 4.14: Cyclic triaxial and torsioal resonant column testing program (Ehsani et 
al., 2015) 
 
As a representative of pure sand, damping curves obtained by Kokusho (1980) were 
illustrated in all figures. For sand-coarse rubber and sand-fine rubber mixtures, the 
damping variations for mixtures with rubber content 10% to 30% at the same D50,r/ 
D50,s are shown in Figure 4.22 and 4.23, respectively. 
 
Figure 4.22: Effect of rubber percentage on D-lgγ of mixtures having D50,r/ 
D50,s=11.07 (Ehsani et al., 2015) 
 
Figure 4.23: Effect of rubber percentage on D-lgγ of mixtures having D50,r/ 
D50,s=2.13 (Ehsani et al., 2015) 
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Figure 4.22 and 4.23 show that, rubber content has no significant effect on damping 
at the same D50,r/ D50,s. However, damping values are significantly higher than those 
for pure sand. (Ehsani et al., 2015) 
Damping curves of mixtures at the rubber contents of 10% and 30% are illustrated 
for various D50,r/ D50,s in Figures 4.24 and 4.25, respectively.  
 
Figure 4.24: Effect of ratio of mean grain size of rubber solids versus soil solids 
(D50,r/ D50,s) on D-lgγ of mixtures having 10% rubber by sand volume (Ehsani et al., 
2015) 
 
Figure 4.25: Effect of ratio of mean grain size of rubber solids versus soil solids 
(D50,r/ D50,s) on D-lgγ of mixtures having 30% rubber by sand volume (Ehsani et al., 
2015) 
Figures 4.24 and 4.25 show that; especially in high shear strain amplitudes, as the  
D50,r/ D50,s increases the damping of the mixture relatively decreases at the same 
rubber content. Compared to pure sand, damping values are higher as expected. 
(Ehsani et al., 2015) 
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4.3 Investigations about Fiber/Soil Mixtures 
There are only limited studies about effect of fiber on dynamic soil properties. Amir-
Faryar and Aggour (2016) had a study about effect of fiber inclusion on dynamic 
properties of clay. Resonant column test was performed on mixtures of clay with two 
different types of fiber: monofilament and fibrillated fiber. Tested soil was synthetic 
soil Kaolinite which had LL=49, PL=29 and PI=20. Properties of polypropylene 
fibers are summarized in Table 4.15. 
Table 4.15: Properties of polypropylene fibers (Amir-Faryar and Aggour, 2016) 
 
Fort his study fiber contents are 0%, 0.2%, 0.4% and 0.6%. Dynamic test results are 
shown in Figures 4.26, 4.27 and 4.28. 
 
 
Figure 4.26: a) Maximum shear modulus vs fiber content b)shear wave velocity vs 
fiber content (Amir-Faryar and Aggour, 2016) 
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Figure 4.27: Minimum damping ratio vs fiber content (blue line is fibrillated and red 
line is monofilament fiber) (Amir-Faryar and Aggour, 2016) 
 
Figure 4.28: Damping vs shear strain for fibrillated fiber (up) and monofilament 
fiber (below) (Amir-Faryar and Aggour, 2016) 
Figure 4.26 shows that fiber content has increasing effect on the maximum shear 
modulus and the shear wave velocity. And for both fiber types, largest values are 
belong to 0.2% fiber content mixtures. (Amir-Faryar and Aggour, 2016) 
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Figure 4.27 and 4.28 show that fiber content has increasing effect on the damping 
ratio of clay and also damping values increase with the shear strain for both fiber 
types. (Amir-Faryar and Aggour, 2016) 
The effect of fiber content on damping for sands will be examined in the next 
chapter. 
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5. RUBBER AND FIBER EFFECT ON DAMPING 
5.1 Rubber Effect 
In the previous chapter, studies about soil/rubber mixtures are explained. To examine 
the rubber effect on damping more closely, curves are redrawn and interpreted. 
Firstly, Nakhaei et. al (2012) data in Figure 4.7 and 4.8 at shear strain γ=0.1% are 
choosen. Relative density of the mixture is changing from 91.14% to 92.25% which 
means the mixture is very dense. Fine content of soil is 8.5% and plasticity index is 
4. Specific gravities of soil and granulated rubber are 2.65 and 1.1, respectively. 
Granulated rubber particles are nonspherical shapes the dimensions are tanging from 
0.15 to 9.5 mm. Damping ratio vs. confining pressure and damping ratio vs. 
granulated rubber curves are drawn in Figure 5.1 and 5.2, respectively.  
 
Figure 5.1: Nakhaei et. al (2012) data damping ratio vs. confining pressure 
As seen in the Figure 5.1, there is a turning point approximetely at 150 kPa. When 
the confining pressure is smaller than 150 kPa, damping ratio decreases as the rubber 
content increases which is unlike the trend. However, when the confining pressure is 
higher than 150 kPa, damping ratio increases as the rubber content increases which is 
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expected. It means to see the effect of rubber on damping ratio positively, adequate 
amount of confining pressure is needed. 
 
Figure 5.2: Nakhaei et. al (2012) data damping ratio vs. granulated rubber 
Figure 5.2 shows that, the soil with no rubber follow the general trend that damping 
decreases as the confining pressure increases. However, when the rubber content 
increases, damping increases for confining pressure at 200 and 300 kPa but decreases 
for confining pressure at 50 and 100 kPa. There is also a turning point approximetely 
at rubber content 3%. 
Senetakis et al. (2012) data in Figure 4.19 at shear strain value γ=0.1% are plotted. 
C2D03-R2 and C3D06-R06 specimens are saturated.  C2D03 and C3D06 are parent 
soils which are fluvial sands (classified as SP) and have mean grain size 0.27 and 
0.56, respectively. R2 and R06 are parent granulated rubbers which have mean grain 
size 1.50 and 2.80, respectively. Applied confining pressure is 100 kPa. In Table 4.7 
and 4.8, properties of materials can be seen. Damping vs. granulated rubber curves 
are plotted in Figure 5.3. 
Figure 5.3 shows that, C2D03-R2 has higher damping than C3D06-R06 at the 0% 
rubber content.However, with the increase of rubber content, decrease in the 
damping ratio of C2D03-R2 is higher than C3D06-R06. It means rubber content 
affects C3D03-R2 more than C3D06-R06. Likewise in Figure 5.2, there is a turning 
point appromimetely at rubber content 3%. 
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Figure 5.3: Senetakis et al. (2012) data damping ratio vs. granulated rubber 
If confining at 100 kPa curve of Nakhaei et al. (2012) is compared with Senetakis et 
al. (2012), it can be seen that the behaviour is same for all samples; with the increase 
of rubber content damping decreases. That means confining pressure is not enough to 
see the effect of rubber content. Also damping values of Nakhaei et al. (2012) is a bit 
much higher because this sample is more dense. 
5.2 Fiber Effect 
Torabi (2011) had a study about cyclic and post cyclic static behaviour of fiber 
reinforced sand which showed that the inclusion of fiber increase the liquefaction 
resistance and the shear strengt of sand. However fiber effect on damping did not 
examined. In this chapter the effect of fiber content on damping ratio is interpretted 
with using the data of Torabi (2011). 
In the experimental study, cyclic triaxial tests were performed on Akpınar sand 
mixed with fiber which is made of pure homopolymer polypropylene and called 
FORTA MIGHTY-MONO fiber. Akpınar sand and fiber properties are shown in 
Table 5.1 and 5.2, respectively. And also grain size distibution curve is shown in 
Figure 5.4. Akpınar sand is classified as SP according to USCS. 
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Table 5.1: Properties of sand (Torabi, 2011) 
 
Table 5.2: Fiber properties (Torabi, 2011) 
 
 
Figure 5.4: Grain size distribution curve of Akpınar sand (Torabi, 2011) 
The fiber contents are 0.1%, 0.5% and 1% which are mixed with soil throughly by 
hand to obtain uniform mixture. The relative density of the mixtures are 
approximetely 60%. And the applied confining pressure is 100 kPa. Experimental 
properties of tests which are examined for damping ratio are summarized in Table 
5.3. 
94 
 
Table 5.3: Experimental properties of cyclic load on mixtures (Torabi, 2011) 
No   A1 
(cm2) 
V1 
(cm2) 
γn 
(kN/m3) 
σc 
(kPa) 
CSR 
(±Δσ/2σc) 
NC 
±2.5 
ΔU 
(kPa) 
B 
(%) 
Dr 
(%) 
Fiber 
(%) 
3.19 19.37 193.22 16.35 100 0.27 8 100 96 60 0 
19.83 19.35 193.3 16 100 0.30 6 100 98 60 0.1 
34.07 19.32 193.22 16.1 100 0.33 48 100 98 61 0.5 
30.33 19.40 193.36 16.11 100 0.35 48 100 98 62 1 
 
From the experimental data of Torabi (2011), damping ratios are calculated with the 
hysteresis loop method. And also shear modulus values are determined. Damping 
ratio and shear ratio results for four experiments are shown in Figures 5.5 and 5.6, 
respectively. 
 
Figure 5.5: Damping vs. γ, Akpınar sand with fiber content of 0%, 0.1%, 0.5% and 
1% 
As seen in Figure 5.5, damping ratio firstly increases than decreases as the shear 
strain increases for 0%, 0.5% and 1%. However 0.1% fiber has no increasing effect 
on damping ratio.  Figure 5.6 shows that, G decreases with increase of shear strain as 
expected. However, fiber content has no significant contribution on shear modulus 
for large strain levels.  
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Figure 5.6: G vs. γ, Akpınar sand with fiber content of 0%, 0.1%, 0.5% and 1% 
As explained in previous chapters, damping must be increase with shear strain for 
0% fiber. To examine this decreasing behaviour in Figure 5.5 closely, hysteresis 
loops were drawn for cycles which damping ratio is increasing and decreasing 
separately. Figures 5.7 and 5.8 show the hysteresis loops for 0% fiber content and 
0.5% fiber content, respectively. 
 
 
Figure 5.7: Hysteresis loops of Akpınar sand with 0% fiber content (A) cycles 1-4, 
(B) cycles 4-8 (data: Torabi, 2011) 
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Figure 5.8: Hysteresis loops of Akpınar sand with 0.5% fiber content (A) cycles 1-
41, (B) cycles 41-49 (data: Torabi, 2011) 
Hysteresis loops can show that at some point there is rubber-membrane penetration 
effect which takes part in the damping behaviour due to the increasing of excess pore 
water pressure. Pore water pressure (PWP) curves are illustrated with the damping 
ratios in Figures 5.9 and 5.10 for 0% fiber and 0.5% fiber, respectively.  
 
Figure 5.9: Damping vs. γ, PWP vs. γ,  Akpınar sand with fiber content of 0% (data: 
Torabi, 2011)  
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Figure 5.10: Damping vs. γ, PWP vs. γ,  Akpınar sand with fiber content of 0.5% 
(data: Torabi, 2011) 
To see clearly the effect of fiber content, Figure 5.11 is illustrated.  
 
Figure 5.11: Damping vs. fiber content of  Akpınar sand at γ=0.8% with confining 
pressure 100 kPa (data: Torabi, 2011) 
It shows that, at 100 kPa confining pressure as the fiber content increases damping 
ratio decreases as following the trend of Nakhaei et al. (2012) and Senetakis et al. 
(2012) shown in Figures 5.1, 5.2 and 5.3.  
In Figure 5.11, damping values of fiber content 0%, 0.1%, 0.5%, 1% at 100 kPa 
confining pressure and γ= 0.8% are compared with the damping values of  Nakhaei 
et al. (2012) in Figure 5.1. 
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Figure 5.12: Comparison of damping ratio from Nakhaei et. al (2012) data and 
Torabi (2011) data at 100 kPa confining pressure 
 
  
 
 
 
 
 
0
0,2
0,4
0,6
0,8
1
1,2
0
2
4
6
8
10
12
14
16
0 5 10 15 20 25 30
Fi
be
r (
%
) 
G
ra
nu
la
te
d 
Ru
bb
er
 (%
) 
Damping Ratio, D (%) 
Rubber (Nakhaei et al., 2012) Fiber (Torabi, 2011)
ɣ=0.1% 
ɣ=0.8% 
σ= 100 kPa 
99 
 
 100 
 
6.CONCLUSION 
Earthquake is an important fact for humanity. The behaviour of soil under cyclic 
loading like earthquake is very important and must be analyzed to solve problems. It 
is possible to decrease the affect of earthquake or other cyclic loadings with 
improving the dynamic soil properties. In this thesis, factors affecting soil damping 
are examined through past studies. Soil damping is affected by density, number of 
cycles, plasticity index, overconsolidation ratio, consolidation stress, compaction 
stress, saturation, mean grain size and uniformity coefficient. Only relative density 
and saturation affect soil damping positively. As a possible increasing factor on soil 
damping, soil mixed with granulated rubber and fiber are analyzed.  
Increase of traffic cause to excess waste tire. Rubber is a lightweight material and has 
high elasticity and good fatique properties. Rubber is already used for engineering 
applications like backfill material, highway embankments, soil reinforcement etc. 
Some studies are done on rubber-soil mixtures to investigate the effect on soil 
stiffness (elasticity and shear modulus) and damping. Results show that rubber soil 
mixtures have higher damping capacity than soil without rubber. (Zheng-Yi and 
Sutter, 2000; Nakhaei et al., 2012) However the applied stress has an important 
affect. As expected, damping ratio decreases as confining pressure increases however 
rubber-soil mixture the behaviour is opposite. So how bigger the applied stress the 
damping ratio is higher. According to Nakhaei et al. (2012) curves, adequate 
confining pressure is 150 kPa to increase the damping ratio for soil-rubber mixtures. 
If the curves from Nakhaei et al. (212) and Senetakis et al. (2012) at 100 kPa are 
examined, it can be seen that the damping ratio decreases. 
Fibers are used as a reinforcement in contruction materials for improvement of soil 
properties since prehistoric times. For example in Mesopotamia, straw was adding to 
mud bricks to provide integrity, control the growth of cracks and improve soil 
properties. Freitag (1986) examined compacted cohesive soils with fiber inclusion. 
As a result, inclusion of fiber increases strength and toughness. Also Akbulut et al. 
(2007) mixed recycled short monofilament fibers in clayey soil which showed 
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increase in compressive and shear strength of clay. There are only limited studies 
about effect of fiber on dynamic soil properties. Amir-Faryar and Aggour (2016) had 
a study about effect of fiber inclusion on dynamic properties of clay. Results show 
that fiber content has increasing effect on the damping ratio, maximum shear 
modulus and the shear wave velocity. But it must be noted that the deformation 
levels are low. 
Torabi (2011) had a study about cyclic and post cyclic static behaviour of fiber 
reinforced sand which showed that the inclusion of fiber increase the liquefaction 
resistance and the shear strength of sand. However fiber effect on damping did not 
examined. The effect of fiber content on damping ratio is interpretted with using the 
experimental data of Torabi (2011). 
Results show that shear modulus decreases with increase of shear strain as expected. 
However, fiber content has no significant contribution on shear modulus for large 
strain levels. Damping ratio firstly increases than decreases as the shear strain 
increases for 0%, 0.5% and 1%. However 0.1% fiber has no increasing effect on 
damping ratio. But damping must be increase with shear strain for 0% fiber. To 
examine this decreasing behaviour hysteresis loops were drawn for cycles which 
damping ratio is increasing and decreasing separately. Hysteresis loops can show that 
at some point there is rubber-membrane penetration effect which takes part in the 
damping behaviour due to the increasing of excess pore water pressure.  
Fiber vs damping ratio curve shows that, at 100 kPa confining pressure as the fiber 
content increases damping ratio decreases as following the trend of Nakhaei et al. 
(2012) and Senetakis et al. (2012) for high deformation levels. To comprehend the 
effect of fiber on damping, further investigations are needed. 
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